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Martin blieb stehen und zeigte zum Himmel hinauf. ,,Das Sternenlicht, das wir jetzt
sehen”, sagte er, ,,ist viele, viele Jahrtausende alt. So lange brauchen die Lichtstrahlen bis
in unsere Augen. Vielleicht sind die meisten dieser Sterne schon vor Christi Geburt
erloschen. Aber ihr Licht ist noch auf der Reise. Und so leuchten sie noch für uns, obwohl
sie in Wirklichkeit längst kalt und dunkel geworden sind.”
Martin stopped and pointed up to the sky. “The starlight that we see now,” he said, “is
many, many millennia old. That’s how long the light rays need to travel to our eyes.
Maybe most of these stars had already died before the birth of Christ. But their light is
still on the way. And so they still shine for us, although in reality they have long since
become cold and dark.”
—Erich Kästner, Das fliegende Klassenzimmer
To my parents,
who have always been supportive of my adventures.
And I believe they secretly prepare the kindest words,
just in case I need a retreat.
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SUMMARY
A significant fraction of galaxy clusters, namely the cool-core clusters (CCCs), exhibit
a dip in their central temperature profiles, with radiative cooling times much shorter than
the Hubble time. Unchecked, radiative cooling of this magnitude is expected to cause the
accumulation of cold gas at the cluster center that leads to star formation rates 100-1000
times higher than those inferred by observations. This discrepancy suggests the existence of
active heating mechanisms that counteract the overcooling in cluster centers. The dominant
mechanism has now been widely recognized as the kinetic feedback from the radio-loud
active galactic nuclei (AGNs). Recent observations however find substantial amounts of
cold gas in a number of CCCs, as well as evidence that some clusters host quasars in their
brightest cluster galaxies, raising questions about the significance of radiative feedback in
such systems. In this work, we use 3D high-resolution radiation-hydrodynamic simulations
with the code Enzo to investigate how AGN feedback operates in CCCs and how it couples
to the intracluster medium. The new element of this work is an in-depth examination of the
role of the radiative feedback and its impact on accretion, kinetic feedback, presence of cold
gas, and other physical processes that play out in CCCs. Our main findings strongly suggest
that (a) central AGNs in CCCs transition between the radiatively efficient and radiatively
inefficient states on timescales of a few Gyr, powered by accretion of cold gas, (b) kinetic
feedback must be present at both low and high accretion rates in order to prevent the cooling
catastrophe, and (c) that there is a positive correlation between the AGN feedback power
and properties of the cold gas filaments in the cluster core, indicating that they can be used




1.1 The Role of AGN Feedback in Cool-Core Clusters
A majority of galaxies in the universe form and reside in galaxy groups or clusters. These
large astrophysical systems contain hundreds to thousands of individual galaxies and have
a typical size of several megaparsecs with a total mass of ∼ 1014−15 M. From a cos-
mological perspective, the formation of galaxy groups and clusters is a consequence of
the clumping of the underlying dark matter, which constitutes over 80% of the total clus-
ter mass. The dark matter in turn provides a deep gravitational potential well that binds
the galaxies together. This makes galaxy clusters the largest gravitationally bound struc-
Figure 1.1 Left: Chandra X-ray image of the Perseus cluster showing the hot ICM permeat-
ing the entire system. Right: Optical image of the same region showing individual galaxies
in the Perseus cluster, as well as the giant Hα network, shown as red filaments. The images
are 11.8 arcmin from north to south [about 200 kpc; 1]. The ICM on the left is over four
times more massive than all the galaxies in the right image combined.
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tures in the universe1. Exploring the evolution of galaxy clusters is therefore crucial for
understanding the large-scale structure of the universe. In the absence of direct observa-
tions of the dark matter, however, observational studies commonly resort to measurements
of the luminous baryonic content. Most of the baryonic matter in galaxy clusters lies in
the X-ray emitting plasma (T & 107 K), also known as the intracluster medium (ICM;
Figure 1.1). The ICM cools mainly by emission of bremsstrahlung radiation, with the lu-
minosity∝ nineT 1/2, where ni, ne, T are the ion number density, electron number density,
and temperature of the plasma, respectively. The ICM cooling drains the thermal pres-
sure support of the plasma over time, and if left unchecked, produces an inward, spherical
cooling flow.
The cooling flow represents an interesting and puzzling problem in the context of the
so-called cool-core clusters (CCCs). About half of all resolved galaxy clusters are CCCs,
with central ICM temperatures lower than the virial temperatures of the gas [2]. Because
of the low temperature of the core gas (r . 100 kpc), its cooling time is much shorter than
a Hubble time (Figure 1.2; [4]). The ICM in the cores of CCCs however seems to maintain
the temperature corresponding to ∼ 30 − 50 % of the virial temperature on timescales of
several gigayears [5]. The lack of ICM plasma cooler than kBT ∼ 2 keV points to the
existence of an active heating mechanism that counters the radiative cooling of the ICM.
Moreover, due to the resulting high density of the ICM in cluster cores, the bremsstrahlung
radiative cooling rate in CCCs is much higher than that in non-cool-core clusters. With
a typical mass rate of & 100M yr−1, the radiative cooling of the ICM in CCCs should
spur continuous star formation at cluster centers, which by itself should result in bluer
and brighter stellar populations2 in brightest cluster galaxies (BCGs) than those seen in
observations [3]. This discrepancy also implies that a heating mechanism must be present
1While galaxy groups and clusters may clump together and form superclusters, which are even larger,
they are not gravitationally bound.
2Ongoing, rapid star formation leads to a younger stellar population, which appears bluer compared to
the redder and older stellar populations. A continuous star formation also leads to a higher total stellar mass,
which makes the BCG brighter.
2
Figure 1.2 Left: Cooling time profiles of the ICM in a sample of CCCs [4]. Right: Temper-
ature profiles for a collection of CCCs, scaled by the values at the overdensity of 2500 [5].
The hot plasma in the central 10 kpc has very short cooling times. However, CCCs with a
central temperature below 30% virial are rare, indicating an active heating mechanism in
these systems.
to reduce, or possibly shut off, star formation in cluster cores.
Currently, the prevailing paradigm is that the main heating sources inside cluster cores
are active galactic nuclei (AGNs) within BCGs, powered by accretion onto their central
supermassive black holes (SMBHs) [6]. Broadly known as the AGN feedback, this phe-
nomenon can be categorized in terms of the two main mechanisms: the radiative (or
quasar-mode) feedback that releases energy through photon emission from the nucleus,
and the kinetic (or radio-mode) feedback that does so through ejection of relativistic par-
ticles3. Of the two, the radio-mode feedback has been extensively studied in simulations
in the past [e.g., 7–16]. Starting with Omma et al. [7], bipolar, hydrodynamic AGN jets
with velocities up to ∼ 10, 000 km s−1 have been modeled in realistic cluster environments
to study their impact. While the jets in their work appear to offset the radiative cooling
of the ICM on short, ∼ 100 Myr timescales, the simulations do not follow the subsequent
evolution of the gas launched by jets on longer timescales. It was subsequently shown by
3The term “radio-mode feedback” refers to the synchrotron emission of relativistic jet plasma observed at
radio wavelengths. In this work, we use it interchangeably with “kinetic feedback” and “jetted feedback”.
3
Figure 1.3 Left: Chandra X-ray image of the Phoenix cluster showing the central∼ 400 kpc
[30]. Dark regions indicate low density cavities inflated by past AGN activity. Middle:
Hubble optical image of the same region showing the filamentary structure of the cold gas
[31]. Right: ALMA observation finds more than 1010M of molecular gas in the central
region of Phoenix [32].
Vernaleo & Reynolds [8] that when evolved on longer timescales, the jets eventually form
a narrow, low density channel in the ICM and escape the cluster core without much interac-
tion with the gas, therefore failing to balance the cooling in the long term. In some studies,
the coupling efficiency between outflows and the ICM has been boosted by employing pre-
cessing jets with a wider opening angle [e.g., 11, 13]. These earlier studies progressively
painted a picture where jetted feedback can deliver a sufficient amount of energy to the
cooling flow to prevent or slow down the cooling catastrophe. However, the details of how
kinetic feedback couples to the ICM are still being investigated.
The impact of radiative feedback has previously been explored in local and cosmolog-
ical simulations of radiation-regulated black hole accretion and stellar feedback [e.g., 17–
27], but has not been considered in the context of CCCs. This choice was largely motivated
by the lack of luminous quasars observed in nearby galaxy clusters. Green et al. [28], how-
ever, show that this may be the consequence of a selection effect, where an X-ray selected
AGN or quasar is identified as the dominant source, and whether it resides in the BCG of
a galaxy cluster has not been investigated. This selection effect is likely to more strongly
affect higher redshift objects (z ≥ 1), where association of an AGN with a galaxy cluster
becomes more observationally challenging. Evidence that radiative and kinetic feedback
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may coincide in galaxy clusters is provided by Russell et al. [29], who find that about 50%
of the sample of 57 BCGs with prominent X-ray cavities (indicative of kinetic feedback)
also have detectable compact X-ray nuclei.
An example of a CCC hosting a luminous quasar is the Phoenix galaxy cluster (Fig-
ure 1.3). On top of having large X-ray cavities with an estimated kinetic feedback lu-
minosity of ∼ 1045 erg s−1, it also hosts a quasar with an X-ray luminosity of the same
magnitude [30]. This amount of ionizing X-ray radiation can efficiently couple to the cold
gas reservoir containing > 1010M of molecular gas [32] through photo-heating and ra-
diation pressure. As a matter of fact, large amounts of cold gas are commonly observed
in central BCGs of galaxy clusters [33, see Section 5.1]. Hence, even though the fraction
of time AGNs in BCGs spend in the radiatively efficient state may be small, the impact of
radiative feedback on the evolution of CCCs merits investigation.
Besides the X-ray cavities inflated by AGN jets, CCCs are often hosts to extended opti-
cal filaments (see Figures 1.3 and 5.1). The optical emission, such as the Hα line emission
in the Perseus cluster (Figure 5.1), occurs when the gas temperature cools to around 104 K,
and the ions and electrons begin to recombine. Therefore, it traces the interface between
the hot and cold gas. The fact that such cold gas lies in extended radial filaments several
tens of kiloparsecs in length indicates that they may be driven by AGN jets. If they are
indeed created as a consequence of AGN feedback, a correlation may exist between the
properties of the optical filaments and AGN feedback, which in turn may provide us with
an independent measure of the AGN feedback power.
Motivated by these observations of CCCs, we perform a suite of 3D radiation hydro-
dynamic (RHD) simulations of a galaxy cluster, with an aim to explore the joint role of
kinetic and radiative feedback powered by accretion onto the SMBH in the central cluster
galaxy. The layout of this thesis is as follows: we introduce the numerical methods used in
our simulations to model the CCC and AGN feedback in Chapter 2, present the results on
the evolution of the simulated cluster and AGN in Chapter 3, compare our simulations with
5
observations of CCCs in Chapter 4, focus on the correlation between the AGN feedback
and properties of the Hα filaments in Chapter 5, discuss the implications of this work in





The simulations are performed using a modified version of the adaptive mesh refinement
(AMR) hydrodynamic code Enzo, version 2.5 [34], with the ray-tracing radiative transfer
package Moray [35]. The hydrodynamic solver we use in our simulations is a 3D adap-
tation of the Zeus-2D code [36] implemented in Enzo. The core of the isolated galaxy
cluster is placed at the center of the computational domain, with a size of (500 kpc)3 in
non-comoving coordinates. The domain has outflowing boundaries and is initially divided
into a Cartesian grid with 1283 cells, resulting in a base grid with the resolution of 3.9 kpc.
On top of the base grid we employ up to four refinement levels, leading to a finest reso-
lution of 0.24 kpc. The refinement divides a cell in two equal parts along each axis and is
triggered when either of the following criteria is satisfied:
1. Gas density: Refinement level l is created when the gas density ρ ≥ ρl = ρl−1 ×
2(α+3). We choose the initial refinement density, ρ1 = 5.4 × 10−26 g cm−3, which
corresponds to the radius of about 40 kpc at the beginning of the simulation, and
α = −1.2, resulting in a higher degree (super-Lagrangian) of refinement at higher
densities.
2. Cooling time: Both the cooling time, tcool = eth/(n2Λ), and the sound-crossing time,
ts = ∆x/cs, are calculated for each cell, where eth is the thermal energy density,
n = ni + ne is the plasma number density, Λ is the cooling function, ∆x is the size
of the cell, and cs is the local sound speed. A refinement level is added when the ratio
tcool/ts < β. Following Li & Bryan [37], we choose β = 6 to better resolve the gas
that is rapidly cooling.
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Furthermore, the time step for radiative transfer (dtP) is set by limiting the change of
H I density in each cell caused by photoionization to < 10%, or by the light crossing time
of the smallest cell, whichever is greater [see 35, for more detail].
2.2 Cluster Initialization
The initial setup of the simulated cluster is based on the Perseus cluster and is similar
to Li & Bryan [37]. To model the ICM, the gas density and temperature are initialized
















where rkpc is the radius from the center of the cluster in units of kpc. The temperature
profile adopted in this study is obtained from the X-ray observation by Churazov et al.
[38]:









The ICM is composed of the following species: e−, H I, H II, He I, He II, and He III.
The hydrogen mass fraction is fixed to the solar value, X = 0.7381. To account for metal
cooling of the ICM that dominates at temperatures T ∼ 105 − 106 K, the metallicity of the
gas is fixed to Z = 0.0110, corresponding to about 80% of the solar metallicity [based on
the solar values in 40], and similar to the measurements in the inner regions of the Perseus
cluster [41]. The initial fractions of ionized and atomic states are calculated as equilibrium
values at the initial temperature specified by the profile above. The chemistry of the gas is
subsequently updated during every simulation time step.
The calculation of radiative cooling of the gas utilizes the cooling function implemented
in Enzo. This cooling function explicitly accounts for the cooling of the H and He species,
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and is supplemented by a cooling table for metals [42]. The table provides a cooling func-
tion for metal species based on CLOUDY photoionization calculations [43], assuming
optically thin gas, and is valid in the temperature range from 10 K to 108 K. In this study,
we do not explicitly model molecular gas, although we allow the gas to cool all the way to
10 K, either radiatively or adiabatically.
The background gravitational potential is assumed to be static (i.e., it does not evolve
over time) and includes three components: the dark matter halo, the stellar bulge of the
BCG, and the SMBH with mass MBH ≈ 3.8 × 108M [a factor of 1.13 higher than 44].
A detailed description of these components is provided in Appendix A. We have verified
that this setup for the ICM and the underlying gravitational potential results in a cluster
that would be in hydrostatic equilibrium over ∼ 10 Gyr in the absence of any external
perturbation, cooling and heating mechanisms.
2.3 Modeling of Accretion
The radiative and kinetic feedback in our simulations are powered by accretion onto the
central SMBH. Since we do not resolve the nuclear accretion disk in our simulations, the
SMBH accretion rate, ṀBH, is estimated from the properties of the gas surrounding the
central SMBH. The feeding mechanism of SMBHs in BCGs is still an open question [see
for example a review by 45]. The leading models are (a) the cold-mode accretion, where
streams of cold gas feed the SMBH [46, 47], and (b) the hot-mode accretion, where the
SMBH accretes hot gas from a steady-state, spherically symmetric flow [48]. Observations
seem to favor the former, because the hot-mode accretion does not provide sufficiently high
accretion rates to sustain systems with powerful outflows [with kinetic energy exceeding
1045 erg s−1; e.g., 49].
In our simulations, we consider both the cold- and hot-mode accretion. In most cases,
9
we take the higher of the two accretion rates as the accretion rate onto the SMBH














where εacc = 10−3, 10−2 or 10−1 is the efficiency of gas accretion in our simulations, which
implies that only a fraction of the gas residing within the nominal accretion radius, chosen
to be ra = 1 kpc, will accrete onto the SMBH1. Mcg is the amount of cold gas (defined as
gas with temperature T < 3 × 104 K) enclosed within ra. τ = 5 Myr is the characteristic
free-fall timescale of the gas at ∼ 1 kpc. ρ∞ is taken to be the average density of the gas,
cs is the average sound speed calculated using the mass-weighted gas temperature, and vg
is the mass-weighted average velocity of the gas, all calculated within ra.
The first term within the brackets of equation 2.3 represents the cold-mode accretion
fueled by the reservoir of cold gas that accumulates around the SMBH. The second term in
the equation accounts for the Bondi accretion of the multi-phase gas. The two expressions
are complementary in the following sense: when the cold gas is present in the central
region, the accretion rate is nearly always determined by the first term. During the episodes
when the cold gas reservoir is depleted by the AGN feedback, the cold-mode accretion rate
can drop to zero, and the second (Bondi) term provides the accretion rate of the warmer
and more dilute multi-phase gas. In each time step dt, the mass accreted onto the SMBH,
ṀBH dt, is removed from the accretion region. We remove the mass from each cell at r < ra
in proportion to the cell mass.
In order to test the impact of different subgrid prescriptions of the accretion rate, in
addition to the model described above (which adopts the higher of the two accretion rates),
we also pursue simulations in which the accretion rate is set either by cold-mode only,
or by the sum of the cold-mode (T < 3 × 104 K) and the hot-mode, Bondi accretion
(T ≥ 3 × 104 K), using the expressions shown in equation 2.3 (see Appendix C for a
1Accretion radius ra = 1 kpc approximately corresponds to the Bondi radius of T ≈ 105 K gas.
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discussion of these accretion models). Hereafter, we refer to these three approaches to
calculation of ṀBH as the cold-mode, multiphase, and hot-mode accretion.
2.4 Implementation of AGN Feedback
The central AGN is the only source of ionizing radiation in our simulations and its total
feedback power is defined as
L = η ṀBH c
2, (2.4)
where η = 0.1 is the feedback efficiency. Combining the feedback efficiency with the
accretion efficiency defined above, we express the overall efficiency as ε ≡ η εacc = 10−4,
10−3 or 10−2. We introduce this parameter to facilitate comparisons of the overall efficiency
with other works in the literature.
Following the model laid out in Churazov et al. [50], the feedback power is allocated
between the two modes (radiative and kinetic) as a function of the dimensionless accretion
rate, ṁ = ṀBH/ṀEdd2. This is illustrated in Figure 2.1. According to this model, SMBHs
accreting at low rates operate in the radiatively inefficient regime, and channel the bulk of
their feedback power into the jet-driven outflows [e.g., 51]. SMBHs characterized by higher
accretion rates, ṁ & 0.01, operate in the radiatively efficient regime, in which most of their
feedback power is released as radiation [52]. We too adopt these assumptions and note that
the SMBH accretion rate measured in our simulations does not exceed the Eddington rate.
In this work we modify the Churazov et al. [50] model and parametrize the division of
total feedback power in the radiatively efficient regime, between the kinetic and radiative
mode of feedback. This is implemented by assigning a fraction of the total feedback power
to jets, fJ, when ṁ is larger than some transition rate, and apportioning the rest of the
power to emitted radiation. The dimensionless jet power lJ, the radiative luminosity lR
2LEdd = η ṀEdd c
2 = 1.3 × 1046 erg s−1 (M/108M) is the Eddington luminosity and ṀEdd is the
Eddington accretion rate. For the SMBH in the Perseus cluster, ṀEdd ≈ 10M yr−1.
11
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Figure 2.1 Allocation of power to radiative (orange dashed) and kinetic (blue solid) feed-
back, as a function of SMBH accretion rate, ṁ. The feedback efficiency is assumed to be
10%, so that LEdd = 0.1 ṀEdd c2 and l = ṁ. The vertical grey dotted line shows the tran-
sition accretion rate, ṁt = 0.05 (see Equation 2.5). The arrows mark radiatively efficient
(orange) and radiatively inefficient (blue) regimes.
(both measured in units of LEdd), and the transition rate ṁt, are determined as follows
lR(ṁ) = 10ṁ
2, if ṁ ≤ ṁt
lR(ṁ) = (1− fJ)ṁ, if ṁ > ṁt
lJ(ṁ) = ṁ− lR(ṁ)
ṁt = 0.1(1− fJ)
(2.5)
The last equation follows from the requirement for continuity of lR and lJ between the
radiatively inefficient and efficient regimes. For example, ṁt = 0.09 when fJ = 0.1,
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ṁt = 0.05 when fJ = 0.5, and ṁt = 0.01 when fJ = 0.9. Note that the allocation of power
we adopt suggests that at high accretion rates, the AGNs in our simulations correspond to
radio-loud quasars, whereas at low accretion rates they resemble jet-dominated, radio-loud
AGNs.
2.4.1 Radiative Feedback
The radiative feedback in our simulations is implemented using two, mutually exclusive
approaches: in one, we explicitly calculate radiative transfer (RT) with the ray-tracing
module MORAY, and in the other, we inject thermal energy (TI) commensurate to the energy
of the radiation emitted by the central AGN.
Simulations with radiative transfer. In the RT approach we define the spectral energy





where ν is the photon frequency, LR ≡ lR LEdd is the frequency integrated luminosity of the
ionizing radiation, and N =
∫ 100 keV
13.6 eV
ν−1dν is the normalization factor.
The RT module Moray implemented in Enzo transports photon packages radially out
from the source located at the center of the simulation domain. Along the ray it calculates:
(1) photo-ionization rate and (2) X-ray secondary ionization rate of hydrogen and helium
atoms and ions, as well as (3) Compton scattering leading to heating of the electrons. After
passing though each cell and depositing momentum and energy, the photon count within
a package is attenuated accordingly. We do not simulate other, metal species of the ICM
explicitly, and do not model radiation pressure on dust, which is in principle capable of
driving strong outflows [e.g., 53, 54].
Because it is computationally prohibitive to model the continuous spectrum of an AGN
in our simulations, we represent the SED as a discrete function evaluated at six different
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Table 2.1. Description of AGN SED
Bin hνi hνj hνij fi
(eV) (eV) (eV)
1 13.60 24.59 18.02 0.4470
2 24.59 54.42 35.64 0.3032
3 54.42 100 72.64 0.1139
4 100 1000 255.8 0.1224
5 1000 10000 2558 0.01224
6 10000 100000 25584 0.001224
Note. — hνi and hνj are the starting
and ending energy of the bin i. fi ≡
∆Ni/
∑
k ∆Nk is the fraction of photons in a
given bin. hνij and ∆Ni are determined by
Equation 2.7.
photon energies. To capture the radiative processes that can take place in the intracluster
gas (including photo-ionization, secondary X-ray ionization, and Compton scattering), we
divide the photon energies from 13.6 eV to 100 keV into 6 bins. The sizes of the energy bins
are determined by the characteristic photo-ionization energy thresholds for H I, He I, and
He II for photon energies below 100 eV, and increased by a factor of ten in each bin above
100 eV. In each time step ∆t, the representative photon energies, hνij (between thresholds
i and j), and the photon count within a given energy bin, ∆Ni, are calculated from the













The relevant binning brackets (hνi, hνj), the representative photon energies, hνij , and as-
sociated photon number fractions, fi ≡ ∆Ni/
∑
k ∆Nk are shown in Table 2.1.
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Simulations with thermal injection. In the TI approach, the effect of radiative feedback
is implemented as injection of thermal energy [similar to, e.g., 17, 19, 25, 26]. In our
simulations with thermal injection, the energy of the ionizing radiation emitted by the AGN
within one simulation time step, ∆E = LR ∆t, is added as the thermal energy to the gas
enclosed within the accretion radius, ra. The thermal energy is distributed among the gas
cells in proportion to their mass,mi, so that each cell receives ∆Emi/
∑
kmk. This results












Since it is less computationally expensive than the calculation of radiative transfer, the TI
approach allows us to explore a wider range of model parameters in simulations.
2.4.2 Kinetic Feedback
In this work, the kinetic feedback exerted by AGN jets is approximated by sub-relativistic
outflows of plasma [similar to 11, 14, 15]. The outflows are modeled by adding kinetic
energy to the gas within the region of size (2ra)3 centered on the SMBH. The gas in this
region is accelerated along the jet axis, which is in all simulations fixed along the ±z
axis (i.e., there is no jet precession). The change in the kinetic energy of a given cell is






where ki is the specific kinetic energy, LJ ≡ lJ LEdd is the kinetic luminosity. The kinetic
energy gain is then expressed as the acceleration along the jet axis
az =
√




where vz is the z component of the gas velocity in a cell. Note this distribution of kinetic
energy is different from the simulations cited above, which do not apply the mass weight-
ing. This results in somewhat lower outflow velocity of a ∼ few × 103 km s−1 in our work





Our suite of simulations is divided in three groups, depending on the implementation of
radiative feedback and sub-grid model used to evaluate the accretion rate, namely: the ra-
diative transfer (RT), thermal injection (TI), and accretion model (AM) runs. Table 3.1
summarizes the parameters used in these runs. In all simulations, the radiative and kinetic
feedback are implemented according to the prescriptions described in the previous chapter.
In RT runs, the coupling of the radiative feedback to the ICM is evaluated by calculating
the radiative transfer with MORAY. In AM and TI runs, radiative feedback is implemented
as thermal energy injection. In the AM runs, we test three different accretion prescriptions
by assuming that the SMBH accretion rate equals (a) the larger of the cold-mode and mul-
tiphase accretion rates (Max), (b) cold-mode accretion rate only (Cold), or (c) the sum of
cold-mode and hot-mode accretion rates (C+H). Hereafter, we consider the high resolution,
radiative transfer run, RT02, as the baseline model, and provide illustrations from it in a
number of figures throughout the paper. For comparison with the RT, AM, and TI runs, we
also carry out a simulation of a passive cooling flow (CF01), without any form of feedback.
Most simulations are carried out with the overall efficiency ε = 10−3, jet power fraction
fJ = 0.5 when ṁ > ṁt, and 0.49 kpc resolution. We consider this a standard setup for
our runs. Additional TI runs are performed to explore parameters ε = 10−4, 10−2 and
fJ = 0.1, 0.9. For the purposes of a resolution study, we also perform two high resolution
runs (0.24 kpc; RT02, TI07), and describe the impact of numerical resolution on our results
in Appendix B.
3.1 Distribution of the hot and cold ICM









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































ICM in the central region in run RT02. The features seen in this figure are qualitatively
representative of those in other simulations in this suite. Figure panels correspond to two
feedback dominated episodes (t = 0.65 Gyr and 4.94 Gyr) and two quiescent episodes,
characterized by lower SMBH accretion rates and equivalently, lower AGN feedback power
(t = 3.61 Gyr and 8.35 Gyr). The top sequence of panels illustrates the distribution of the
cold, atomic gas by visualizing the Hα surface brightness of radiation associated with the
recombination of hydrogen, which is characterized by the emissivity:
εHα = 2.82× 10−26 erg cm3 s−1 sr−1 × nenH IIT−0.942−0.031 lnT44 , (3.1)
where T4 ≡ T/104 K [55, 56]. The volume emissivity εHα is integrated along the line of
sight perpendicular to the jet axis to produce the surface emissivity shown in Figure 3.1. We
find that the total (surface integrated) Hα luminosity in this simulation is . 1043 erg s−1,
similar to the luminosities measured in observations of the Hα nebulae in CCCs [57].
After the first AGN outburst (at 0.65 Gyr), the cold gas that condenses out of the out-
flowing ICM takes the form of spatially extended filaments. The characteristic free-fall
timescale for filaments in our simulations is ∼ 100 Myr and they spend most of this time
at large radii, since their speed is lowest at the turnaround point of their trajectory. At
∼ 1.6 Gyr, the filaments that fall back to the center of the gravitational potential settle into
a massive disk (∼ 1012M), visible in the second and subsequent panels. As they fall
into the cluster center, the component of momentum along the jet axis carried by the fila-
ments cancels out to some degree but not entirely. This causes the filaments to settle into a
rotational structure nearly coplanar with the jet axis.
During the third AGN outburst (at 4.94 Gyr) the filaments again assume a spatially
extended distribution, but this time appear collimated along the jet axis, which is in these
images parallel to the z axis. The appearance of the collimated filaments is associated with
the presence of the cold gas disk, which directs outflows above and below the disk plane.
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The subsequent generations of cold filaments (each associated with an AGN outburst) will
also fall into the massive disk, contributing to it their angular momentum. The stochastic
nature of this process results in a gradual evolution in the orientation of the cold gas disk,
and consequently in an evolving distribution of filaments on the timescale of gigayears. All
AGN feedback outbursts are followed by a quiescent episode, characterized by the relative
absence of the massive filament network.
The bottom row of panels in Figure 3.1 illustrates the X-ray surface brightness of the
hot ICM, with kBT > 0.5 keV, evaluated from the bremsstrahlung emissivity as εX ∝
neniT
0.5. In order to emphasize the characteristic features, such as ripples and X-ray cav-
ities, we use the simulation snapshot to calculate the projected, 2D emissivity map and
subtract from it the azimuthal average of the emissivity, εX . The bottom row of panels
shows the fractional variance of the surface brightness, εX/εX − 1. The ripples visible
in the images trace the sound waves propagating through the cluster core from the central
AGN, which acts as a piston on the surrounding ICM via the pressure imparted by the
kinetic and radiative feedback.
The cavities, depicted as low surface brightness regions in the cluster center, represent
the bubbles of low-density plasma inflated in the ICM by the AGN jets. They are scattered
about the cluster core (as opposed to being aligned along the jet axis) as a consequence of
the deflection of outflows by infalling filaments. Also noticeable are the filaments of the
X-ray emitting gas, which are spatially coincident with the cold gas filaments (see panels
two and three). Panel four shows a spiral structure which gradually develops in the ICM
over several episodes of AGN feedback, eventually turning into a cold front. We discuss
these features in more detail in Chapter 4, where we compare them to observations.
3.2 Physical Properties of the ICM
Figure 3.2 shows evolution of the ICM in the temperature-density phase space for run
RT02. In this representation, the hot and dilute ICM lies in the bottom-right corner of the
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plot, and the vertical strip at T ≈ 104 K represents the temperature threshold below which
hydrogen begins to recombine into atoms. In this phase space, the gas that is cooling pas-
sively (in absence of AGN feedback) travels along the diagonal to the top-left region of the
plot. In presence of AGN feedback however, the distribution of temperatures and densi-
ties of the multi-phase ICM becomes noticeably wider. For example, during the feedback
dominated episodes, at t = 0.65 Gyr and 4.94 Gyr, the ICM is intensely heated by jetted
feedback and radiation. These two distributions should be compared to the more quiescent
episodes at t = 3.61 Gyr and 8.35 Gyr. It is also of interest that the feedback dominated
states are characterized by substantial amounts of high density gas, ρ > 10−22 g cm−3, with
temperatures in the range 102 − 106 K. This ICM phase appears above and below the diag-
onal distribution and represents the extended cold gas filaments. Eventually the filaments
settle into the gas disk, characterized by rotational velocities higher than 300 km s−1. When
this happens, the gas occupies the top left corner of the phase space. We note that the phase
plots for other simulations presented in this work are qualitatively similar and omit them
for brevity.
Figure 3.3 illustrates the evolution of the gas density, electron number density, mass-
weighted temperature, and entropy profiles in simulation RT02. We also show the evolution
of properties of the ICM for other simulations from this suite in Appendix D, for compar-
ison. The radial profiles are calculated as averages of the relevant properties in a sequence
of nested spherical shells centered on the cluster core. For example, the average mass den-
sity at a given radius is calculated as volume weighted average over resolution elements




k Vk. This ensures proper weighting for
resolution elements of different sizes, used with adaptive mesh refinement. Similarly, the




kmk, and is representa-
tive of the temperature of the bulk of the gas by mass.
The top left panel of Figure 3.3 shows the mass density profile calculated using the
above procedure. The large enhancement in gas density at r < 10 kpc, that appears at t =
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Figure 3.2 Temperature vs. density of the ICM in run RT02 at four different times, matching
those shown in Figure 3.1. Color corresponds to the gas mass within a certain range of T
and ρ.
1.13 Gyr, indicates that once it forms out of infalling filaments, the rotationally supported
cold gas disk dominates in this region at all times in the simulation. Beyond the extent of
the disk, at r > 10 kpc, the gas density profile “breathes” about the initial value following
the heating or cooling dominated episodes in the cluster core. The top right panel shows
the evolution of the electron number density. Because it is closely related to the ionization
state of the gas, ne in the central 10 kpc increases in AGN feedback dominated stages,
and decreases in cooling dominated stages. At r > 10 kpc, ne decreases as a function of
time due to the cooling of the ICM. An exception to this monotonic behavior is a powerful
feedback episode at t = 9.19 Gyr (red solid line), which leads to the ionization of the













































t = 0.00 Gyr
t = 1.13 Gyr
t = 1.75 Gyr
t = 2.44 Gyr
t = 3.72 Gyr
t = 5.44 Gyr
t = 7.20 Gyr
t = 9.19 Gyr
Figure 3.3 Evolution of spherically averaged radial profiles of density (ρ), electron number
density (ne), mass-weighted temperature (T ), and entropy (K) in simulation RT02. Colors
represent different times associated with the maxima (solid) and minima (dashed) of the
AGN feedback power shown in Figure 3.5. The horizontal, grey dash-dot line in the entropy
plot at 30 keV cm2 represents the transition value from Cavagnolo et al. [58], below which
enhanced Hα filament emission is found in observations.
is dominated by emission of radiation (e.g., simulation TI02 shown in Appendix D, where
fJ = 0.1), the cold gas disk is more compact, and ne varies by two orders of magnitude
due to the ability of radiative feedback to quickly, albeit momentarily, ionize the gas.
The temperature and entropy profiles generally decrease during cooling dominated
phases and increase during feedback dominated phases, as expected. The entropy is cal-
culated using the electron number density and mass-weighted gas temperature, as K ≡
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Figure 3.4 Cumulative energy of AGN feedback as a function of time for the runs marked
in the legend inset.
kB T n
−2/3
e . Within the central 10 kpc, T and K are dominated by the cold gas contributing
to the massive rotationally supported gas disk. At r > 10 kpc, the entropy profile oscillates
around 30 keV cm2. This threshold is of relevance because clusters with central entropies
below 30 keV cm2 seem to show enhanced Hα emission and presence of filaments in their
cores [58]. We will revisit this point in later sections to show that our simulations are in
general agreement with this expectation. We also note that in simulations with low overall
feedback efficiency, (e.g., simulation TI08 shown in Appendix D, where ε = 10−4), the
entropy profile beyond 10 kpc does not noticeably deviate from the initial value. It follows
that such low-level AGN feedback does not affect the properties of the ICM beyond the
cluster core.
3.3 Accretion & Feedback Cycle
Figure 3.4 compares the cumulative energy of AGN feedback in different simulations.
With the exception of RT01, all other simulations have energy output corresponding to
∼ 1062 erg s−1, regardless of parameter choices and numerical resolution. Assuming a
feedback efficiency of η = 10%, this implies a black hole mass growth of 108−9M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over the course of ∼ 10 Gyr, which is consistent with masses of SMBHs in BCGs. It
is worth emphasizing that while overall efficiency varies by two orders of magnitude (ε =
10−4, 10−3, 10−2 in runs TI08, TI01, and TI04, respectively), the AGN energy output in
most of our runs only varies within a factor of a few. This is because the accretion rate
(determined by the amount of cold gas) adjusts to the accretion efficiency, resulting in a
similar energy output. The high energy output in the outlier run RT01 on the other hand is
a consequence of inefficient coupling of the radiative feedback in low resolution RT runs
(see Appendix B for a discussion of this effect), leading to the departure from other runs.
In most simulations with AGN feedback, the accretion rate and feedback power exhibit
a cyclic behavior. We examine it in this section using the high resolution runs, RT02 and
TI07, carried out with our baseline choice of parameters (overall efficiency ε = 10−3 and
jet power fraction fJ = 0.5 when ṁ > ṁt). The most important difference between the
two runs is in the implementation of radiative feedback, where in TI07 it couples more
efficiently with the cold gas in the cluster core, given that in this case 100% of the energy
released in radiation is deposited as thermal energy in the gas within the central 1 kpc.
Figure 3.5 illustrates the SMBH mass accretion rate, the AGN (kinetic and radiative)
luminosity, and the mass of the cold gas traced by neutral hydrogen in RT02 (left panels)
and TI07 (right). The average values of ṀBH for these two and all other runs are reported
in Table 3.1. RT02 is characterized by three cycles in ṀBH, defined by the minima and
maxima of the AGN feedback power. This cyclic behavior arises because each major feed-
back episode results in the heating of the ICM and suppression of the accretion rate on
the SMBH. In RT02, ṀBH is determined as the larger of the cold mode and multiphase
accretion rate. The resulting ṀBH is dominated by the cold-mode accretion at nearly all
times, indicating that the reservoir of cold, atomic gas is never completely depleted in this
run. The multiphase ṀBH on the other hand shows more variability and dips significantly
below the cold-mode ṀBH, because it reflects the drop in the average density and increase
in the average temperature of the multiphase ICM caused by AGN feedback.
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Figure 3.5 Evolution of the accretion rate, AGN luminosity, and cold gas mass in simu-
lations RT02 (left) and TI07 (right). Top: Different lines mark the cold-mode accretion
rate (green), the multiphase or the hot-mode accretion rate (yellow), and the total SMBH
accretion rate adopted in the simulation (purple). The total accretion rate is smoothed over
∼ 40 Myr, while other shown accretion rates are instantaneous. The horizontal, grey dash-
dot line marks the transition accretion rate, ṁt, above which the SMBH is in radiatively
efficient state. Middle: Different lines mark the power allocated to the kinetic (blue) and
radiative feedback (orange). Lighter color lines illustrate instantaneous luminosities, while
solid lines show the power averaged over ∼ 20 Myr. The horizontal, grey dash-dot line
marks the transition luminosity corresponding to ṁt above. Bottom: Mass of the rotation-
ally supported, cold gas disk (black, dashed) and filaments (red, solid) traced by H I. Red
dotted line marks the running average mass of the filaments.
ṀBH in run TI07 (determined as the sum of the cold- and hot-mode accretion rate)
is also dominated by the cold-mode accretion. In this case the hot-mode accretion rate,
calculated for the gas with T ≥ 3× 104 K, is negligible as it falls two orders of magnitude
below the cold-mode ṀBH. This difference can be understood by inspection of Figure 3.2,
which is based on simulation RT02 but also representative for TI07. It shows that the gas
mass above this temperature threshold is dominated by the dilute, T ∼ 107 K ICM. We
therefore find that the choice of the specific accretion model does not make a significant
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difference in our simulations, because the cold-mode accretion almost always dominates.
Results from additional runs with different accretion models are presented in Appendix C
for completeness.
One interesting property of the RT02 run is that in it the SMBH accretion rate oscil-
lates about ṁt = 0.05, implying that the AGN cycles between the radiatively efficient and
inefficient states. Consequently, the fraction of power allocated to the jets (as opposed
to radiation) ranges between 50% and nearly 100%, respectively. This transition occurs
on timescales of a few billion years, with later cycles becoming longer. The peak kinetic
and radiative luminosities exceed ∼ 1045 erg s−1, indicating that the SMBH in the radia-
tively efficient state corresponds to a radio-loud quasar. Alternatively, the SMBH in the
radiatively inefficient state is characterized by kinetic luminosities of ∼ 1044 erg s−1 and
radiative luminosities of ∼ 1043 erg s−1, more similar to a jet-dominated AGN.
In comparison, the accretion rate in the TI07 run remains below ṁt after the first AGN
outburst, and therefore, the radio-mode feedback dominates over radiation after the first
2 Gyr. This difference in the evolution of the two runs is a consequence of more efficient
heating of the cluster core in TI07, mentioned in the first paragraph of this chapter. The
hotter ICM in TI07 results in lower and more uniform SMBH accretion rate, which in turn
gives rise to a jet-dominated AGN. This implies that the photoionization heating calculated
with the ray tracing algorithm in RT02 results in less thermal support to the core, since
radiation emitted along some directions can escape to infinity without ever interacting with
the cold gas in the cluster core. It also indicates that the radiation pressure, which is ex-
plicitly calculated in RT02 and neglected in TI07, does not play an important role in the
suppression of ṀBH.
3.4 Correlation of Feedback Power with the Mass of Cold Filaments
The bottom panels of Figure 3.5 show the mass of the cold gas disk and filaments as a
function of time in runs RT02 and TI07. The disk, which is mostly composed of ∼ 10 −
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TI08: = 10 4
RT02: = 10 3
TI04: = 10 2
Figure 3.6 Evolution of the mass cooling rate, measured as the rate of change in the mass
of H I over time in simulations with overall efficiency ε = 0 (CF01; black dotted), 10−4
(TI08; blue dot dashed), 10−3 (RT02; orange solid) and 10−2 (TI04; green dashed). In runs
with AGN feedback, ṀH I is enhanced (reduced) during the high (low) AGN luminosity
states.
100 K temperature gas, has mass of ∼ 1012M and extends up to 10 kpc in radius. It
is characterized by rotational velocities higher than 300 km s−1, which corresponds to the
circular velocity at∼ 1 kpc from the cluster center. This property allows us to kinematically
separate the cold filamentary gas in our simulations, which has lower rotational velocity
compared to the disk and extends from the core up to ∼ 100 kpc (see Figure 3.1).
Figure 3.5 indicates that the mass in cold gas filaments, traced by H I1, remains at
the level of ∼ 1011M on average, with fluctuations of one order of magnitude in either
direction. The reason why the total mass of the filaments does not increase with time, even
though they are produced throughout the cluster evolution, is because they eventually fall
1This component traces the gas that has temperature below a ∼ few × 104 K, and in reality also includes
the molecular gas that is not modeled explicitly in our simulations.
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into and become a part of the gradually growing cold gas disk. Comparable amounts of cold
filamentary gas (within a factor of two) are encountered in all of our simulations with AGN
feedback. This indicates that the final, saturated state of the local thermal instability, that
produces filaments in the ICM, is not particularly sensitive to the exact implementation of
the AGN feedback, as long as the AGN is capable of triggering the instability by perturbing
the ICM. The filament mass shows positive correlation with the SMBH mass accretion rate
and the overall feedback luminosity, as shown in Figure 3.5. This is consistent with the
picture in which AGN feedback promotes formation of the filaments rather than suppresses
it, as also found by Revaz et al. [59] and Li & Bryan [60]. These works find that the
marginally thermally unstable gas is lifted and compressed by the AGN feedback, causing
it to condense out of the ICM and fall back to the center, where it fuels the SMBH and
the next AGN feedback episode. In this picture the cold gas that forms in the outflows
and mixes with the hot ICM, further promotes cooling. This scenario is also supported
by a recent study of 49 nearby elliptical galaxies by Lakhchaura et al. [61], who report a
positive correlation between the Hα+ [NII] luminosity and AGN jet power. We will revisit
this correlation in our simulations later in Chapter 5.
If the formation of cold filaments is stimulated by AGN feedback, then a strong cor-
relation should also exist between the AGN feedback power and the instantaneous mass
cooling rate of the filaments. Figure 3.6 shows the evolution of the mass cooling rate of
atomic hydrogen, measured as the rate of change in the mass of H I in the entire compu-
tation domain. The figure illustrates results for four different runs with overall feedback
efficiencies of ε = 0.0, 10−4, 10−3 and 10−2. The runs with AGN feedback show oscilla-
tion of ṀH I over time about the value for the pure cooling flow, where the amplitude of
the oscillation increases with the overall efficiency. For example, in run RT02 (ε = 10−3)
the mass cooling rate peaks at about 103M yr−1 during the first feedback outburst and
drops to ∼ 100M yr−1 in low-luminosity stages of the feedback cycle. As the value of
ε is decreased, ṀH I asymptotes to the cooling flow value. This is evident in run TI08, in
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which the cooling rate is only mildly enhanced (or reduced) relative to the pure cooling
flow, during the high (low) luminosity states.
In summary, AGN feedback plays an important role in curbing the global cooling flow
and in preventing the cooling catastrophe in CCCs, as established by many earlier works.
Therefore, the impact of AGN feedback is negative in the context of the global thermal
instability of the ICM. The fact that AGN feedback positively correlates with the mass
cooling rate of the filaments means that at the same time it has a positive impact on the
local thermal instability of the ICM. Namely, as shown in simulations by McCourt et al.
[62] and Sharma et al. [63], formation of filaments can only occur in an atmosphere that
is globally marginally stable, and supported by a heating source. Otherwise, an unbridled
global cooling flow (as in run CF01) is typically devoid of filamentary gas, as filaments
become indistinguishable from the background flow.
In addition to the results shown in this section we further quantify the correlation be-
tween the AGN feedback power and the mass or spatial extent of cold filaments, and present
the analysis in Chaper 5. We point the reader to that chapter for discussion on how this cor-
relation can be used to probe the AGN activity in galaxy clusters.
3.5 Relative Importance of Radiative & Kinetic Feedback
In this section we investigate how the AGN feedback cycle changes as a function of the
dominant feedback mode. As laid out in Section 2.4, our description of the relative promi-
nence of the kinetic and radiative feedback is motivated by the Churazov et al. [50] model,
which is itself based on the phenomenology of the stellar X-ray binaries. The aspect of
the model that we implement without changes is that kinetic feedback dominates in the
radiatively inefficient state, when ṁ ≤ ṁt. The modification to the model pertains to the
radiatively efficient state of AGN, when ṁ > ṁt. In this regime we vary the fraction of the
total feedback power allocated to jets (fJ) and radiation (1 − fJ). This approach allows us
to parametrize uncertainties related to the physics of jets and radiation in SMBHs accreting
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close to the Eddington rate.
Figure 3.7 shows the evolution of the accretion rate, AGN luminosity, and cold gas mass
in simulations TI02 and TI03, in which fJ = 0.1 and 0.9, respectively. In both runs ṀBH is
determined by accretion of the cold gas, as cold-mode dominates over the accretion rate of
multiphase gas by 2 − 3 orders of magnitude. The difference between the two runs is that
the instantaneous cold-mode accretion rate shows significant variability around the average
value in TI02 relative to TI03. This indicates that the cold gas reservoir in TI02 is ionized
and heated to T > 3×104 K by the central AGN and then cools below this threshold on very
short timescales. In TI03, on the other hand, the cold gas reservoir remains at T < 3×104 K
for most of the evolution (with the exception of the period around 4.5 Gyr), which explains
a relatively small spread in the instantaneous ṀBH for cold gas. Because in TI02 only 10%
of the feedback power is allocated to kinetic feedback, this flickering variability in ṀBH
can be directly attributed to heating by radiative feedback. Therefore, radiative feedback
is very efficient in raising the temperature of the gas, but it does not suppress the accretion
rate for very long, as the dense gas readily cools through recombination. In TI03, jetted
feedback dominates and results in ṀBH . 1M yr−1, a factor of a few lower and more
uniform than that in TI02, but the gas in the cluster core remains quite cold.
TI02 and TI03 runs can be compared with TI01 (shown in the right panel of Figure B.1
in Appendix C), which is characterized by fJ = 0.5 and is the same in all other regards.
The accretion rate in TI01 remains below 1M yr−1 most of the time. It exhibits a shorter
feedback cycle of ∼ 3 Gyr, relative to ∼ 6 Gyr in TI02 and TI03, estimated from the
separation of the first two accretion rate and luminosity peaks. Run TI01 resembles TI02
in terms of a large spread in instantaneous ṀBH and feedback power, which as we noted
above is a signature of intense radiative heating. On the other hand, AGN feedback in TI01
is dominated by jets over a large fraction of cluster evolution time, and more similar to
TI03. We include the information about the average kinetic and radiative luminosity, as
well as their standard deviations, for these and all other runs in Table 3.1.
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Figure 3.7 Evolution of the accretion rate, AGN luminosity, and cold gas mass in simula-
tions TI02 (left) and TI03 (right), in which fJ = 0.1 and 0.9, respectively. Note that the
values of ṁt and corresponding transition luminosity are different for the two runs by de-
sign (horizontal, grey dash-dot lines). Different lines have the same meaning as in Figure
3.5. The abrupt increase of the cold gas mass around 8 Gyr in TI03 is a numerical artifact
which arises when extended cold filaments reach the computational boundary.
In terms of the amount of cold gas, the massive disk in runs TI02 and TI03 reaches
1012M already at t = 2 Gyr, whereas this happens somewhat later, at t = 3 Gyr in TI01.
Similarly, the average mass of cold filaments in TI02 and TI03 is 3 − 4 × 1011M and
2 × 1011M in TI01. Therefore, AGN feedback seems most efficient in suppressing the
ICM cooling in the run TI01, although not by a large margin.
In summary, we find evidence that evolution dominated by radiative feedback leads to
higher values of ṀBH on average, and results in more dramatic “boom and bust” feedback
cycles, reflected in the variability of the AGN luminosity across a range of timescales.
Conversely, kinetic feedback as a dominant mode appears more effective in suppressing
the cooling catastrophe (as evidenced by the lower recorded ṀBH) but is ineffective at
uniformly heating the cold gas in simulations. Consequently, kinetic feedback results in
33
a relatively uniform evolution of the SMBH accretion rate and AGN luminosity. This is
consistent with results of Meece et al. [64], who find that the radiative feedback by itself
is insufficient to prevent the cooling catastrophe, and must at best play a secondary role
relative to the kinetic feedback. Finally, we find that AGN feedback appears to be most
efficient in suppressing the cooling flow in runs in which both the kinetic and radiative




4.1 Atomic and Molecular Gas in CCCs
Observations of CCCs suggest that their cores contain large amounts of cold gas, typically
dominated by the molecular component. This cold gas is thought to be associated with
locally thermally unstable phase of the ICM, which condenses out of the hotter phase and
falls toward the center of the cluster under the influence of gravity [62, 63, 65]. For ex-
ample, a study of 16 CCCs has revealed 109 − 1011.5M of cold molecular gas within the
radius of several tens of kiloparsecs of their BCGs [33]. Similarly, H2 and CO observations
of the Perseus cluster have shown at least 5 × 1010M of warm [∼ 103 K; 66, 67] and
cold molecular gas [∼ 10 − 102 K; 68, 69]. Most of this gas forms a large scale system
of filaments, of which at least some appear to be free falling into the center of their host
cluster [67]. There is also some evidence for a central, rotating molecular disk with mass
∼ 1010M in NGC1275 [44, 70, 71].
While we do not explicitly model molecular gas, we note that a large fraction of the
cold gas that occupies the inner 10 kpc of our simulated clusters would in reality be in
molecular state, given that its temperature can be as low as 10 K (see Figure 3.2). As noted
before, most of this gas is a part of the rotating disk with mass ∼ 1012M. Furthermore,
∼ 1011M is in filaments that in some runs can extend as far as 100 kpc. Although we
trace filaments in simulations as the H I gas that recombines from the ionized ICM, they
would in reality also be a mixture of atomic and molecular gas, as some fraction of cooling
H I would go on to form H2.
While the total mass of the filaments measured from our simulations is comparable
to that observed in other CCCs, the mass of the rotating disk is too large by about 1 − 2
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orders of magnitude. Based on this we infer that AGN feedback, as implemented in our
simulations, is not as efficient in suppressing the formation of cold gas as it is in observed
CCCs. We discuss in Section 6.2 why this may be the case and defer a more detailed
investigation of the properties of molecular gas to a future study.
In addition to the molecular emission, one of the features commonly observed in cool-
core clusters is the Hα line emission associated with the filamentary gas with T ∼ 104 K. In
a study of 23 cool-core clusters, McDonald et al. [72] find that 65% of the CCCs have de-
tectable Hα emission. Of those, 35% of the CCCs exist in extended filamentary structures,
while 30% show compact, nuclear Hα emission. A large scale system of Hα filaments, sur-
rounding the central galaxy of Perseus (NGC 1275), has been particularly well studied and
found to have complex morphology and dynamics [e.g., 73, 74]. Furthermore, the molecu-
lar filaments in Perseus have been found to be spatially and kinematically associated with
the Hα filaments [66, 68, 75], and both are accompanied by the cooling X-ray filaments
[kBT ∼ 0.5 keV; 67, 76]. There is also evidence that some of the more massive filaments in
the halo of NGC 1275 host compact star clusters with typical ages of a few Myr [77]. This
complex landscape of multiphase gas and stars indicates that filaments are gravitationally
unstable and that the most massive of them have recently collapsed and formed stars.
The distribution of the Hα filaments inferred from our simulations is similar to that
observed in Perseus and other clusters (see first panel of Figure 3.1). Specifically, we
find that the filaments form for the first time during the first AGN feedback outburst: they
expand radially out, stall, and then rain down toward the cluster center. Their kinematics
is not necessarily that of a uniform outflow followed by an inflow, as some filaments are
still rising while others are already falling, and some are being pushed sideways by the
action of jets and bubbles. This picture is consistent with the predictions of the so-called
fountain model, in which AGN feedback promotes the formation of filaments that in turn
fuel the SMBH accretion [e.g., 78]. During the subsequent outbursts (e.g., at ∼ 4.94 Gyr
in Figure 3.1) the Hα filaments are collimated along the jet axis by the cold gas disk.
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Hence, the filaments do not always trace the morphology of jets and jet-inflated bubbles,
but when they do, this may suggest the presence of a massive gas disk in the central galaxy.
As described in Section 3.4, the mass of the filaments positively correlates with the AGN
luminosity. We also find that for a given AGN luminosity, more collimated filaments tend
to extend 3 − 4 times further than those with nearly isotropic distribution, as illustrated
in Figure 3.1. Therefore, if the dynamics of simulated filaments is similar to that in real
CCCs, then the filament mass and their spatial extent are additional observables that can be
used to constrain the energetics of the AGN feedback cycle.
4.2 X-ray Emitting ICM
Much of what we know about the properties of the ICM is enabled by the imaging telescope
onboard the Chandra X-ray Observatory [79]. With its high angular resolution, the features
of the X-ray emitting plasma, such as cavities, ripples, outflows, and cold fronts have been
studied in great detail. Furthermore, recent results returned by the high spectral resolution
telescope Hitomi [80] provides a constraint on the motion and velocity dispersion of the
ICM. In this section, we compare our simulation results with some aspects of the X-ray
observations of galaxy clusters.
Cavities. Figure 4.1 shows the fractional variance of the X-ray surface brightness in run
RT02 at t = 0.32 Gyr, shortly after the AGN was triggered. The image was created using
the same procedure as in the bottom panels of Figure 3.1. It shows two prominent cavities,
visible as dark shadows inflated along the jet axis, which are easy to discern at early times
because the ICM is still relatively undisturbed by the AGN feedback. At this point in time
the diameter of each cavity is about 10 kpc and the cumulative energy (kinetic+radiative)
delivered by AGN feedback is 3.5 × 1058 erg. This is comparable to the central AGN in
the Perseus cluster, which has inflated cavities with radius ∼ 7 kpc, delivering mechanical
energy of about 1.2 × 1058 erg per cavity [81]. The bottom panels of Figure 3.1 show
the morphology of the X-ray emitting ICM at later times in the same simulation. At ∼
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Figure 4.1 A pair of cavities, shown as dark shadows, at t = 0.32 Gyr in run RT02. AGN
jets are directed along the z axis. The color marks the fractional variance from the az-
imuthally averaged X-ray surface brightness.
0.65 Gyr, the panel shows features resembling ripples and multiple cavities dotted around
the central AGN, which are reminiscent of the Perseus cluster [1].
Overall, the sizes of X-ray cavities in our simulations vary from a few to tens of kpc.
Their shape is irregular compared to the cavities in Perseus, which appear to be rounder and
have sharper edges. This may be a consequence of a simple image processing procedure
that we use here, and the fact that we do not model the intracluster magnetic field, which
can drape around the rising bubbles of the low density plasma to make them smoother and
more resilient to instabilities [82–84]. The scattered distribution of cavities arises naturally
in our simulations because the cold filaments, when they fall towards the cluster core, tend
to deflect the outflowing plasma in directions different from the jet axis [this is also seen
in simulations by 60]. Some tentative evidence for this conjecture is provided by Romney
et al. [85], who report deflection of jets on parsec scales in the central galaxy of Perseus,
based on VLBI observations of the compact radio source.
An interesting implication of this phenomenon is that scattered distribution of cavities
(as opposed to the series of cavities aligned with the jet axis) can be reproduced without
invoking jet precession. The primary motivation for introducing jet precession in some
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simulations has been to heat the cluster core more uniformly, by having AGN jets sweep
over a larger solid angle in the cluster core [e.g., 64]. While our simplified simulation setup
does not capture the structure of accretion flow and jets on small scales (we keep the jet
direction fixed along the z axis), they indicate that AGN “venting” in random directions
may arise simply as a consequence of interaction of jets with the cold and dense gas in the
BCG.
Ripples. As outflows and bubbles rise from the cluster core, they create ripples in the ICM.
The ripples have been captured by X-ray observations, and are evidence for weak shocks
and/or sound waves produced by the AGN feedback [e.g., 86, 87]. They are thought to
carry large amounts of energy, and may be a significant heating mechanism that distributes
the feedback energy throughout the cluster core. The bottom panels of Figure 3.1 illustrate
several different generations of X-ray ripples in the simulated cluster core that extend up
to 100s of kpc [similar features are also seen in 13]. The ripples have a characteristic
wavelength of ∼ 10 kpc and the amplitude corresponding to < 20% of the azimuthally-
averaged X-ray surface brightness at a given radius, similar to the Perseus cluster [86]. It
is worth pointing out that the ripples are present in our simulations at most times. They
are most visible during the peak of the AGN feedback outbursts but are also present during
the quiescent periods, when the X-ray cavities are not clearly defined. This suggests that
the cluster core is continuously bathed in sound waves, as it responds to the variability in
feedback power, even if no AGN bubbles are apparent.
X-ray emitting filaments. In addition to cavities and ripples, the second and third panels in
the bottom of Figure 3.1 and Figure 4.1 also show X-ray bright filaments extending along
the jet direction. The filaments contain relatively cool plasma with kBT ∼ 2 keV and are
clearly associated with the filaments of the atomic hydrogen gas. This phenomenon has
been observed in the Perseus cluster, where much of the cool X-ray gas (∼ 109M at
kBT ∼ 0.5 keV) is associated with the optical filamentary nebula [76]. Similarly, observa-
tions of the jet in M87 reveal soft X-ray emission in the 0.5-2.5 keV band but no apparent
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emission above 2 keV, indicating that the outflows are mostly associated with the cooler X-
ray gas [87]. This picture supports the hypothesis that most of the cold filaments condense
out of marginally unstable ICM plasma that is co-spatial with the AGN jets and cavities.
AGN feedback provides both the initial perturbation necessary to seed the local thermal in-
stability, as well as mixing of the cold gas with the ICM plasma. The mixing can promote
adiabatic cooling of the soft X-ray gas (by lowering its average temperature) accompanied
by little emission of thermal radiation, which may explain the lack of X-ray emission lines
with characteristic energy kBT < 2 keV [88, 89].
Cold fronts, characterized by a sharp discontinuity in the X-ray surface brightness and gas
temperature, are commonly observed in CCCs [see 90, for a review]. In relaxed clusters,
where there are no signs of recent major mergers, these features have been attributed to the
sloshing of the ICM around the dark matter halo caused by encounters with small groups
or subclusters [91, 92]. In some of our simulations we nevertheless identify the presence
of features that resemble cold fronts, even in the absence of mergers and encounters with
subclusters. The bright spiral structure seen in the mock X-ray image in Figure 3.1 at
∼ 8 Gyr first appears at ∼ 5 Gyr. This indicates that gas motion induced by the AGN
feedback is also a viable way of stirring the ICM in the core and producing cold fronts
that extend out to 100 kpc. We defer more detailed analysis of this phenomenon to a future
study.
Velocity dispersion. Recent results returned by the Hitomi X-ray Observatory provide an-
other measure of the gas motion in the Perseus cluster. In this case, the line-of-sight ve-
locity dispersion of the ICM between 30 and 60 kpc from the center has been inferred
from the broadening of the X-ray emission lines to be 164± 10 km s−1 [80]. In Figure 4.2
we show the velocity dispersion of the ICM measured from run RT02 at several differ-
ent epochs, as a comparison. In order to show a property that more closely corresponds
to observations, we show the emissivity-weighted velocity dispersion as a function of the
projected cluster radius, calculated as an average of components measured along the three
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t = 1.13 Gyr
t = 1.75 Gyr
t = 2.44 Gyr
t = 3.72 Gyr
t = 5.44 Gyr
t = 7.20 Gyr
t = 9.19 Gyr
Figure 4.2 X-ray emissivity-weighted velocity dispersion of the ICM in run RT02 at differ-
ent times corresponding to maxima (solid) and minima (dashed) of AGN feedback lumi-
nosity shown in Figure 3.5.
axes, σ = (σx + σy + σz)/3. We find that σ calculated in this way is above 100 km s−1 in
the inner 10 kpc and varies between 10− 100 km s−1 at larger radii. Generally, σ is higher
in the high AGN luminosity states (t = 2.44, 5.44, and 9.19 Gyr), and lower during the low
luminosity states (t = 1.75, 3.72, and 7.20 Gyr). Overall the values of σ measured from
our simulations are lower than that measured by Hitomi, similar to what Li et al. [93] find.
It is worth noting that Prasad et al. [94] and Gaspari et al. [95] report velocity dispersion
values that match the Hitomi measurement, albeit using a different simulation setup. This
suggests that stirring provided by the AGN jets in our simulations is too gentle or that there
are other mechanisms which may result in increased velocity dispersion not captured by
our simulations.
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4.3 Properties of Central AGNs in CCCs
Another question of interest for both observations and simulations is what fraction of cen-
tral AGNs in BCGs are quasars, or at least luminous enough that they are discernible as
compact X-ray sources against the emission of their host clusters. This is of importance
because it signals what fraction of central SMBHs is operating in the radiatively efficient
mode, and has implications for the AGN feedback duty cycle. BCGs that host luminous
AGNs are thought to be rare, but their precise fraction is challenging to determine from
observations due to selection effects. Specifically, in shallow X-ray data both the central
AGN and the host CCC have centrally peaked emission profiles, which are difficult to dis-
entangle [96]. As a result, the CCCs may be ignored or just classified as AGNs, especially
at high redshift where this bias is more pronounced [28].
For example, in a sample of ∼ 1000 clusters with z < 0.4, Green et al. [28] find only
7 AGN with X-ray luminosity comparable to its host cluster, implying < 1% incidence of
luminous AGN at low redshift. In another study based on Chandra observations, Hlavacek-
Larrondo et al. [97] show that many clusters with X-ray cavities at z = 0.6 have X-ray
bright AGN. This is in contrast to the clusters of comparable luminosity at lower redshifts,
without nuclear X-ray emission. They suggest that over the past ∼ 5 Gyr, the central
SMBHs in BCGs have evolved from radio-loud quasars (in which most of the power is
emitted in radiation) to radio-loud AGN (in which kinetic luminosity of the jets dominates).
This observational evidence is consistent with a subset of our simulations in which the
accreting SMBH powers a radio loud quasar in the first 1−2 Gyr of the cluster evolution and
then switches to the radiatively inefficient regime, becoming a jet-dominated AGN (e.g., see
run TI07 in the right panel of Figure 3.5). In order to quantify the prevalence of radio-loud
quasars in our simulations, we measure the fraction of time that the accreting SMBH spends
in the radiatively efficient regime as an AGN with radiative luminosity > 1045 erg s−1. We
report this property for all our runs as fQSO in Table 3.1.
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With the exception of the passive cooling flow run, in which fQSO = 0 by definition,
fQSO varies between 4 − 47% in other simulations. Comparison of runs TI02, TI01, and
TI03 shows that increasing the feedback power allocated to jets from fJ = 0.1 to 0.5 to
0.9, leads to a decreasing fQSO from 0.46 to 0.24 to 0.04, respectively. We also find that
varying the overall efficiency of feedback, from ε = 10−4 to 10−2 leads to a smaller degree
of reduction, from fQSO = 0.23 to 0.12 in runs TI08 and TI04, respectively. Therefore,
the most important factor that determines fQSO is the prevailing feedback mode (jets vs.
radiation), and the total amount of energy delivered by the AGN feedback plays a lesser
role, as long as it is sufficient to suppress the cooling flow.
In terms of numerical effects, we find that increasing numerical resolution leads to a
drop in fQSO. For example, runs RT01 and RT02 correspond to the lower and higher nu-
merical resolution simulations of the same scenario, and exhibit fQSO = 0.47 and 0.30,
respectively. This can be understood as in higher resolution runs the radiation has easier
time penetrating and breaking up (smaller) clumps of cold gas, which increases the tem-
perature of the gas and lowers the accretion rate onto the central SMBH. Consequently, the
AGN in the higher resolution runs achieves a lower luminosity, on average.
All other things being the same, fQSO is also smaller in thermal injection (TI) simula-
tions compared with radiative transfer (RT) runs, due to the propensity of thermal feedback
to efficiently heat the surrounding gas and reduce accretion. It is worth noting however that
neither method provides an entirely correct description of interaction of the ionizing radia-
tion and gas. Specifically, the TI method overestimates the heating of the gas by implicitly
assuming that it absorbs 100% of the radiation energy, while the RT method underestimates
it because it does not account for photon trapping and diffusion in the optically thick gas.
These two scenarios nevertheless bracket a range of physically plausible outcomes.
In summary, our idealized simulations suggest that most SMBHs in BCGs are likely to
have been powerful radio-loud quasars at high redshift1. If the scarcity of observed quasars
1One caveat to this statement is that our idealized simulations of isolated clusters may overproduce radio-
loud quasars in the early stages of evolution, because they do not capture cosmological growth and mergers
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in cluster BCGs at low redshift is determined by their duty cycle, then a transition from
the radio-loud quasar to a jet-dominated AGN state must have occurred relatively early in
the evolution of most CCCs (within the first 2 Gyr). According to our simulations, this
transition requires that the fraction of AGN feedback power allocated to jets is comparable
to or larger than the fraction in radiative luminosity (fJ ≥ 0.5). It also requires very
efficient thermalization of feedback energy, which can suppress the cold-mode accretion
either through photo-heating of the ICM and/or through efficient thermalization of jet-
driven shocks in the cluster core. If so, this implies that deeper X-ray surveys of higher
redshift CCCs should discover an increasing fraction of radio-loud quasars in their BCGs.





Hα FILAMENTS AS A MEASURE OF AGN FEEDBACK POWER
5.1 Prevalence of Hα Nebulae in CCCs
A study of 16 CCCs has revealed 109−1011.5M of molecular gas within a∼ few×10 kpc
of their BCGs [33]. Similarly, a substantial fraction of CCCs hosts partially ionized fila-
mentary gas with temperature T ∼ 104 K that is emitting copious amounts of Hα photons
(Figure 5.1; [72, 98–100]). The Hα filaments are thought to form out of marginally unsta-
ble ICM [62, 63, 72], possibly triggered by AGN feedback [11, 14, 15, 60, 65, 101–106].
This hypothesis is supported by observations, which show a positive correlation between
the amount of molecular gas and the jet power in early-type galaxies [107]. Along similar
lines, Lakhchaura et al. [61] find tentative evidence for a weak positive correlation between
the AGN jet power and Hα + [N II] luminosity in giant elliptical galaxies. These findings
imply that the presence of cold gas necessitates AGN feedback, but do not uniquely answer
the question how the cold gas is affected by it.
An important finding based on our simulations is that AGN feedback has the ability to
catalyze the formation of cold gas. Conversely, properties of the cold gas filaments may
provide an independent tracer of the AGN activity, similar to the X-ray cavities commonly
used to probe the jet power in CCCs. In this section we consider several properties of the
Hα filaments measured from our simulations (spatial extent, mass, and velocity dispersion)
and examine their correlations with AGN feedback power.
5.2 Spatial Extent of the Filaments
In this section we examine whether the radial extent of the filaments from the cluster center
correlates with AGN luminosity. In order to determine the radial extent at a given time,
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Figure 5.1 Hubble image of the Hα filament network at the center of the Perseus cluster.
The image is 140×150 arcsec [about 70 kpc on a side; 108]. The emission comes from
the recombination of ionized hydrogen, and is a good tracer for gas with temperature T ∼
104 K.
rfil, we divide the simulated cluster into radial shells of thickness 1.7 kpc, and identify the
radius of the outermost shell in which the cold gas1 mass exceeds 103M. We have verified
that other values between 103 − 107M give similar results.
The left panel of Figure 5.2 shows the evolution of rfil in simulation TI07, along with
the kinetic luminosity associated with the AGN jets, averaged over the dynamical timescale
of the filaments. This timescale is calculated as ∆tfil = rfil/vout, where vout ≈ 500 km s−1
1In simulations, the cold gas is represented by H I. In reality, this gas phase also includes H2, which can
power intra-filament star formation.
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Linear Regression: = 0.77
Quantile Regression: 0.5
Quan. Regression: 0.1 & 0.9
Figure 5.2 Left: Evolution of the average kinetic luminosity, 〈LK〉 (blue triangles), and
spatial extent of the filaments (multicolor stars) measured in simulation TI07. Right: 〈LK〉
as a function of filament extent. Colors mark different times in the simulation. The black
solid line shows the power-law fit for data points between 2 − 9.5 Gyr, while green lines
indicate the 0.1, 0.5, and 0.9 quantiles for additive quantile regression. Red circles mark
the observed clusters with extended Hα filaments from McDonald et al. [30, 72], with
additional X-ray cavity power and associated uncertainties from Rafferty et al. [49].
is the characteristic outflow speed of the filaments in simulations (e.g., ∆tfil ≈ 108 yr for
rfil = 50 kpc). The average kinetic luminosity calculated in this way is similar to the
luminosity inferred from the X-ray measurements of cavities inflated in the ICM by jets.
Visual inspection reveals that more powerful outbursts of AGN feedback tend to produce
more spatially extended filaments.
The right panel of Figure 5.2 shows the kinetic luminosity as a function of the spatial
extent of the filaments over time. Two distinct trends are visible: one pertains to the early
time in the evolution (t < 2 Gyr), when the Hα filaments extend radially out in all direc-
tions from the cluster center, as illustrated in Figure 5.4. After 2 Gyr, the subsequent AGN
outbursts result in filaments that are more collimated along the jet axis, and the jet power
and the extent of the filaments can be approximately represented by the linear regression
fit:







Note however that the 〈LK〉 − rfil correlation is not strictly linear and is more accurately
described by the additive quantile regression [109], illustrated by the solid green line.
This correlation can be understood by considering the freely expanding filaments in a
spherically symmetric gravitational potential, defined by the radial acceleration g(r). In
the absence of non-gravitational forces, the terminal radius (rf ) of filaments launched with






Assuming that in the spatial region of interest, the acceleration can be represented by a
power law, g(r) ∝ −rα, then the specific kinetic energy at launch is ki = 12v
2
i ∝ rα+1f (if
α 6= −1). In the scenario where the initial kinetic energy of the filaments is supplied by
AGN feedback, this implies LK ∝ rα+1f . In our simulations, α is defined by the cluster
potential and varies from −0.6 to −0.2 between 10 and 100 kpc (see Appendix A in Q18).
For the Hα filaments that expand freely to ∼100 kpc, this implies LK ∝ r0.8f . Because the
ICM is orders of magnitude more dilute than the filaments, the hydrodynamic forces (i.e.,
ram pressure) acting on the filaments can be neglected. Therefore, a simple ballistic model
presented here provides a satisfactory description of their dynamics.
The derived dependence closely corresponds to that shown in equation 5.1, measured
for the evolution of filaments after 2 Gyr, indicating that in this stage the filaments that
form in jet-driven outflows expand freely into the ICM. In contrast, during the first 2 Gyr
the expanding filaments collide and are scattered in all directions by the infalling filaments.
As a consequence, their spatial extent is suppressed relative to the later stages of evolution,
when the “channel” is cleared for the filaments to expand along the jet axis. Thus, the
spatial extent of the Hα filaments also provides a direct measure of how far the outflows
reach.
The right panel of of Figure 5.2 also illustrates the properties of several observed clus-
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ters that host extended Hα filaments [30, 72]. The kinetic luminosities for these systems
are inferred from the size of their X-ray cavities [30, 49]. It is interesting to note that in
the context of our simulations the Phoenix cluster corresponds to systems in which a large
amount of cold gas obstructs the expansion of the outflowing filaments. Our simulations
suggest that the Perseus cluster should also be in this category, because its Hα filaments
extend in all directions from the cluster center [73]. The implication is that about 108 yr
ago Perseus had a powerful AGN outburst with a luminosity of ∼ 1045 erg s−1. If so, the
kinetic luminosity inferred from the size of the X-ray cavities in Perseus falls short of this
value by about one order of magnitude. This apparent discrepancy may be explained if the
central AGN has created multiple cavities during this feedback episode, some of which are
not identified in observations.
5.3 Mass of the Filaments
In this section we investigate the degree of correlation between the AGN feedback luminos-
ity and the mass of the Hα filaments, Mfil. The left panel of Figure 5.3 shows the evolution
of the average AGN luminosity (both kinetic and radiative) and Mfil measured from simu-
lation RT02. 〈LK〉 and 〈LR〉 are averaged over the dynamical timescale of the filaments, as
described in Section 5.2. We measure Mfil as the mass of the H I gas with rotational veloc-
ity < 300 km s−1. This criterion allows us to distinguish the filaments from a kinematically
separate, rotationally supported cold gas disk that forms at the center of the cluster, and is
visible in the middle and right panels of Figure 5.4.
The resulting relation between 〈LK〉 and Mfil is shown in the right panel of Figure 5.3.
In this case, a linear regression fit provides a good representation of the data in the first
9 Gyr






In the context of our model, this implies M0.9fil ∝ LK ∝ ṀBH. If AGN feedback in real
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Figure 5.3 Left: Evolution of the average kinetic (blue triangles), radiative luminosity
(black circles), and Hα filament mass (multicolor stars) measured in simulation RT02.
Right: The kinetic (multicolor triangle) and radiative (black circle) luminosity as a func-
tion of the filament mass. The color marks the time in the simulation. Correlation of
〈LK〉 (〈LR〉) with the Hα filament mass for the first 9 Gyr is represented by the solid black
(dashed blue) line.
systems operates in the same way, this suggests that the mass (or equivalently luminosity) of
the Hα filaments can be used as a probe of the SMBH accretion rate. Similarly, the relation
between 〈LR〉 and Mfil can be characterized by a power-law index of 1.83 ± 0.03, so that
LR ∝M1.8fil ∝ Ṁ2BH. This relationship of LK and LR with the SMBH mass accretion rate is
a consequence of the prescription used in our simulations to describe the allocation of the
AGN luminosity between the kinetic and radiative feedback in the radiatively inefficient
accretion state (see Section 2.4). Thus, the correlation with Mfil in Equation 5.3 applies to
radiatively inefficient AGNs and may differ for radiatively efficient AGNs.
This point is illustrated by the high luminosity outburst at the end of the simulation,
represented by the red data points, which do not fall on the correlation. These data points
are associated with the radiatively efficient (high luminosity) state of the SMBH, when it
appears as a radio-loud quasar. Large amounts of energy injected into the ICM by jets and
radiation partially suppress the formation of the Hα filaments, thus shifting the data points
to the left of the relation. It is worth noting that both the AGN luminosity and Hα filament
mass are affected by the numerical resolution in RT runs in a similar way (both are higher in
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Figure 5.4 The line-of-sight velocity (top) and velocity dispersion (bottom) maps calculated
for the Hα filaments that are predominantly radial (t = 0.65 Gyr) or collimated along the
jet axis (t = 3.61 and 4.94 Gyr) in simulation RT02.
lower resolution runs, see a resolution study in Appendix B). Consequently, the correlation
between the AGN luminosity and filament mass is maintained regardless of resolution.
5.4 Velocity Distribution of the Filaments
If perturbation and turbulence associated with the AGN feedback catalyze the formation of
cold gas in the ICM as hypothesized, one would expect that AGN luminosity should also
correlate with the velocity dispersion of the Hα filaments. We examine this hypothesis in
this section.
The top panels of Figure 5.4 illustrate the line-of-sight velocity (vlos) distribution of fil-
aments measured from simulation RT02 at times t = 0.65, 3.61 and 4.94 Gyr. As discussed
in Section 5.2, the early stages are characterized by the Hα filaments that extend radially
out in all directions. In later stages, however, the filaments are collimated along the jet axis
(corresponding to the z-axis), thereby establishing a preferential axis that breaks the spher-
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ical symmetry in the velocity dispersion. The filament velocity in these images is weighted
by the Hα luminosity, in order to produce a map comparable to those obtained from obser-
vations. For this purpose, the Hα luminosity of the gas is assumed to be proportional to the
rate of recombination
LHα ∝ npneT−0.942−0.031 lnT44 , (5.4)
where np and ne are the proton and electron number densities, and T4 ≡ T/104 K [55, 56].
This emission is mainly contributed by the plasma with temperature ∼ 104 K, and we do
not account for the attenuation of the Hα photons due to absorption and scattering.
The bottom panels of Figure 5.4 show the line-of-sight velocity dispersion (σlos) of the
filaments in the same simulation snapshots. σlos is calculated in each pixel of the image as a
statistical dispersion around the average velocity in each pencil beam (with a cross section
of 0.25 kpc × 0.25 kpc) along the line of sight, weighted by the local Hα luminosity. The
resulting velocity maps have a lot of similarities with the Hα filaments in Perseus and other
clusters [74, 110], as well as with other simulations of CCCs [95, 111].
In order to investigate the relationship with the AGN feedback power, we calculate the
velocity dispersion of the entire Hα filamentary network in directions along and perpen-
dicular to the jet axis. We find no statistically significant correlation of the perpendicu-
lar components with the feedback power, and measure their time averaged values to be
〈σx〉 = 161± 23 km s−1 and 〈σy〉 = 162± 33 km s−1, shown with one standard deviation.
Similarly, during the first 2 Gyr, we find no correlation with the value of velocity disper-
sion along the jet axis, 〈σz〉 = 348 ± 79 km s−1. In the later stages (2 Gyr < t < 9 Gyr),
however, σz correlates positively with the kinetic luminosity. This correlation is illustrated
in Figure 5.5 with an approximate power-law fit






and representative additive regression quantiles. As a consequence of the assumptions in
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Quantile Regression: 0.5
Quan. Regression: 0.1 & 0.9
Figure 5.5 〈LK〉 as a function of the velocity dispersion of the Hα filaments along the jet
axis, σz. Data points correspond to 2 < t < 9 Gyr in simulation RT02, with the same color
scheme as in Figure 5.2.
our feedback model, a corresponding relation exists between 〈LR〉 and σz. We do not
show it here because the kinetic feedback is the primary cause of the correlation. If these
measurements are applicable to the real Hα filament systems in observed CCCs, they imply
that the observed velocity dispersion is a function of the viewing angle, and may be used
as an independent constraint on the spatial orientation of the jets.
5.5 Implications for Observations
In this chapter we use our simulations of AGN feedback in galaxy clusters to examine and
quantify the relationship between the observable properties of the Hα filaments and the
kinetic and radiative feedback from supermassive black holes in BCGs. We summarize the
main findings and simplifying assumptions below.
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• We find that the AGN feedback in CCCs promotes the formation of spatially ex-
tended Hα filaments and that their presence coincides with an ongoing outburst of
AGN feedback. We identify two distinct distributions of filaments in our simula-
tions. One is predominantly radial (similar to the Perseus cluster) and it arises when
the expanding filaments collide and are scattered in all directions by the infalling fil-
aments. The other exhibits collimated filaments along the jet axis and arises when
the outflowing filaments can expand freely into the ICM.
• The spatial extent of the collimated Hα filaments correlates with the kinetic lumi-
nosity of AGN feedback in such a way that more luminous AGNs tend to produce
more extended Hα filament networks. This correlation can be used as a diagnos-
tic for AGN feedback in nearby clusters, in which the extent and distribution of the
filaments can be spatially resolved.
• We also report a correlation between the kinetic luminosity of AGN feedback and the
Hα filament mass. The correlation implies thatM0.9fil ∝ LK ∝ ṀBH and therefore the
filament mass can be used to probe the AGN feedback and the rate of fueling of the
central SMBH. This correlation can in principle be applied to about half of all clus-
ters, which exhibit nuclear Hα emission [72], regardless of whether their filaments
are spatially resolved or not.
• We find a correlation between the kinetic luminosity of AGN feedback and velocity
dispersion along the jet axis (σz) only in the case when the filaments are collimated
along the jet axis and expanding freely into the ICM. We find no statistically signif-
icant correlation with the velocity dispersion measured perpendicular to the jet axis
or with velocity dispersion of the filaments with radial distribution. If applicable
to the Hα filament systems in observed CCCs, this correlation may be used as an
independent constraint on the spatial orientation of the jets.
Our analysis assumes that the Hα photons are produced by the recombination of ther-
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mal plasma, aided by AGN feedback. We do not consider the effect of additional sources of
ionizing radiation (like star forming regions), cosmic rays, or magnetic fields on the prop-
erties of the Hα filaments or their emissivity. We do not explicitly model the chemistry of





In this section we discuss simplifying assumptions made in our simulations and compare
our results with similar works in the literature. Following the example set by earlier works,
we reiterate the most important aspects of the AGN feedback implementation which result
in similarities and differences of our works. This is important given the complexity of
contemporary simulations, as well as the ability of seemingly small variations in simulation
setup to result in significant differences in the impact of AGN feedback [e.g., 106].
6.1 Simplifying Assumptions in Our Simulations
Our simulations can be regarded as continued exploration of the Perseus cluster setup pre-
sented in Li et al. [14] and Meece et al. [64], since all utilize the same numerical method
and packages implemented in the code Enzo. The main differences in our work are that
we explore the relative importance of radiative feedback, and introduce modifications to
the implementation of kinetic feedback.
As described in Section 2.4, the overall feedback power in our simulations is allocated
between the kinetic and radiative feedback as a function of the SMBH accretion rate, fol-
lowing the model proposed by Churazov et al. [50]. An important modification made to this
model however pertains to the behavior of SMBH in the radiatively efficient regime, which
occurs when ṁ > ṁt. Instead of quenching jets in the radiatively efficient regime, as origi-
nally proposed by Churazov et al. [50], we allow jets to carry between 10−90% of the total
feedback power. Based on this set of experiments we find that (a) jetted feedback must be
present at high accretion rates, because radiative feedback alone cannot suppress runaway
cooling, and (b) that jetted feedback likely accounts for > 10 % of the total AGN feedback
power, since below this threshold BCGs in our simulations host radio-loud quasars about
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50% of the time (see Section 4.3). The latter number is a high fraction that is incompatible
with a low incidence of luminous quasars observed in low redshift BCGs [28].
This picture is supported by the recent radiation magneto-hydrodynamic simulations
which measure the kinetic and radiative luminosity of SMBH nuclear accretion regions.
These simulations show that the outflows powered by SMBHs in the radiatively efficient
state have kinetic luminosities that are within a factor of a few of their radiative lumi-
nosities, for a wide range of SMBH accretion rates [112–114]. The presence of outflows
therefore seems to be ubiquitous, even at high accretion rates.
Our suite of simulations does not capture self-gravity of the gas and does not follow gas
through star formation. While the effect of self-gravity is negligible for the hot component
of the ICM and less massive filaments [77], the cold disk in our simulations provides a
large gas reservoir for star formation in the BCG. The energy injected by stellar feedback
is not sufficient to prevent the radiative cooling of the ICM and alter its thermodynamics
significantly, but it can deplete the cold gas disk by converting most of it into stars on a
timescale of 1 − 2 Gyr [14]. Note however that the persistence of the cold gas disk in our
simulations does not affect the accretion rate of the SMBH. This is because the bulk of the
mass of the rotationally supported disk resides outside of the “accretion region” of 1 kpc,
where gas properties are used to derive ṀBH.
We also do not model magnetic fields or phenomena associated with them, such as
anisotropic heat conduction. Conductive heating within the cluster cores has been found
to compensate for up to ∼ 10% of the radiative losses for Perseus-like clusters [16], and
is therefore expected to have a lesser impact in this class of CCCs. The same authors find
that anisotropic conduction can nevertheless constitute an important heating source in more
massive clusters, where it can compensate for ∼ 50% of radiative losses.
It is important to note that our simulations do not capture the interaction of cosmic rays
(or relativistic electrons) with the magnetic fields or the ICM. Cosmic rays can provide
additional pressure support to the ICM (∼ 10% of the thermal gas pressure), and can heat
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the ICM by exciting Alfvén waves and instabilities, through Coulomb interactions and
hadronic collisions [115]. In a recent work, Ruszkowski et al. [116] show that cosmic
ray heating is indeed a viable channel for the thermalization of AGN kinetic feedback in
clusters. Without the cosmic ray component of the jet plasma, the heating of the ICM in our
and similar models is “replaced” by the shock-heating of the outflows and photo-heating by
the radiation. The exact physical mechanism for thermalization of AGN feedback is yet to
be tested by these two groups of models, since at this time both appear to make predictions
consistent with observations.
Finally, we do not model the cosmological evolution of clusters. Specifically, the spher-
ically symmetric potential well of the cluster, BCG and the SMBH remains fixed in our
simulations over the course of several to ten gigayears. While this is clearly an idealiza-
tion, it is worthwhile considering its impact on the evolution of the ICM. Because our
simulations feature a CCC with a fully developed potential well, the cooling rate of the
ICM remains high, implying that AGN feedback must operate more vigorously in order to
prevent the cooling catastrophe than in the scenario with an evolving potential well. More-
over, in reality, the assembly of galaxy clusters over cosmic time involves some number of
minor and major mergers with other clusters and groups of galaxies. These perturb the un-
derlying potential of the CCC and may lead to enhanced sloshing and periodic disruption
of the cold gas reservoir [91, 92]. We therefore expect that our choice not to model the
cosmological context results in a cluster more prone to formation of the cooling flow. As
a consequence, we may overproduce radio-loud quasars in the first few Gyr of evolution,
before AGN feedback has had a chance to counter it.
6.2 Impact of Numerical Scheme Used to Describe Kinetic Feedback
The most significant shortcoming of our simulations is that after a few Gyr the BCG accu-
mulates large amounts of cold gas (∼ 1012M), in the form of the rotationally supported
disk that sometimes coexists with the extended cold gas filaments. While there is some
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observational evidence for the existence of molecular disks in central galaxies of CCCs,
they tend to be 1− 2 orders of magnitude less massive than in our simulations. For exam-
ple, Russell et al. [32] report that the Phoenix cluster exhibits both a molecular torus and
extended filaments with mass larger than ∼ 1010M. Observations also indicate that the
BCG in Perseus hosts a rotating molecular disk of similar mass [44, 70, 71]. It is interesting
that beyond these two well-known CCCs, central molecular disks and rings seem to be rare
in other clusters and groups of galaxies [117]. This indicates that they either do not form in
the first place, or that the depletion timescale of such disks is rather short (e.g., due to star
formation).
Intriguingly, the massive gas disk has been a persistent feature of many numerical stud-
ies of the cooling flow problem [e.g., 8, 11, 13, 15, 118]. These studies have employed
different codes and numerical methods, and have used a variety of sub-grid implementa-
tions of jetted feedback. The formation of such a disk appears to be a natural state in the
evolution of CCCs and it supports the picture that the cooling flow in simulations can be
reduced but never fully suppressed by AGN feedback. The cluster cores in simulations
appear to be in the process of gentle circulation over billions of years [119]. This provides
a more nuanced view of the cooling flow that goes beyond a simplified binary picture of
the “runaway cooling” vs. “hot core” clusters.
It is worth noting that more recent hydrodynamic simulations of AGN kinetic feedback
in CCCs have been successful in reproducing cold gas disks with mass consistent with that
observed in the Perseus cluster [11, 13, 14]. Because the degree to which the cooling flow
is suppressed in simulations with AGN feedback has been used as an important criterion
for their success, it is worth comparing our assumptions to these works in some detail.
For example, Gaspari et al. [11] and Li et al. [14] model outflows as plasma with sub-
relativistic velocities (∼ 3 − 5 × 104 km s−1), a component distinct from the relativistic,
highly collimated jets [see also 7]. In these simulations, the hot plasma outflows carry the
gas at the rate 10− 103M yr−1, which is comparable to the rate of the inflow of cold gas,
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resulting in a low effective SMBH accretion rate. Once their kinetic energy is thermalized,
such outflows are powerful enough to shock-heat the ICM to T ∼ 108−10 K [see Figure 4
in 11] and prevent accumulation of more than ∼ 1011M of cold gas in the cluster center.
In our simulations we too model the kinetic feedback as sub-relativistic outflows but
adopt a different distribution of kinetic energy, where more massive gas clumps carry more
energy (see Section 2.4.2). Because the cold and dense ICM is difficult to accelerate to
high speeds, this jet-launching scheme results in outflows (up to ∼ 103M yr−1) with
initial velocity that does not exceed 3×103 km s−1. One consequence of the lower speed of
the outflows in our simulations is that the temperature of the shocked ICM rarely exceeds
108 K (see Figure 3.2). Consequently, outflows deliver less efficient shock-heating of the
ICM. As a result, the total cold gas mass at the end of our simulations with feedback
is not significantly reduced compared to the cooling flow run, both exceeding 1012M
after ∼ 5 Gyr. Therefore, the difference in the cold gas mass between our results and
other similar works in the literature can largely be ascribed to different implementations of
kinetic feedback.
It is interesting to note that with the exception of the cold gas mass, our simulations
seem to reproduce many other features observed in CCCs (see Section 4), which are com-
pletely absent from the fiducial, pure cooling flow model. We therefore surmise that there
is a continuum of possible outcomes for simulations of CCCs in terms of the cold gas mass
and that our simulations are, for reasons given above, at the lower end in terms of the
efficiency of coupling of the AGN feedback to the ICM.
We also draw several conclusions relevant for the numerical schemes of kinetic feed-
back used in simulations of CCCs. Firstly, from a numerical point of view, simulations
require the plasma launched in the outflows to be warmer than the filaments of cold gas
that fall in the cluster center. This is because the filaments are too massive and heavy to
be lifted and relaunched by the outflows and they instead lead to “clogging” and failed jets
in simulations. In our simulations, the thermal content of the filaments in the accretion
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region is increased by the radiative heating from the central AGN. Secondly, the energy
carried by the warm outflows must be efficiently thermalized (via shock-heating, cosmic
ray streaming, etc.) as the outflows mix with the ICM. It is worth noting that observations
of CCCs seem to find little evidence for the existence of large amounts of ICM plasma
above 108 K [e.g., 45, 120], so whichever mechanism leads to the thermalization of the jet
energy should be gentle, yet effective, leading to a high degree of coupling of jet kinetic
energy to the ICM.
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CHAPTER 7
CONCLUSIONS AND FUTURE PROSPECTS
In this work, we perform a suite of 3D radiation-hydrodynamic simulations of a CCC,
modeled on the Perseus cluster, with an aim to explore the joint role of kinetic and radiative
feedback powered by the accretion of cold gas onto the SMBH in the central cluster galaxy.
We model radiative feedback as a central source of ionizing radiation and kinetic feedback
as jet-driven outflows. Our main findings are as follows:
1. One of the key features of our model is the presence of radiative feedback, which is
prominent at high SMBH accretion rates. We find that radiative feedback alone is incapable
of staving off the cooling catastrophe and must be accompanied by kinetic feedback at both
the low and high accretion rates. This numerical setup produces radio-loud (jet-dominated)
AGN at low accretion rates, and radio-loud quasars at high accretion rates.
2. In this work we model AGN radiative feedback using either the ray-tracing radia-
tive transfer or thermal energy injection. While both methods lead to qualitatively similar
cluster evolution, thermal injection results in more efficient heating of the cluster core and
leads to a lower average SMBH accretion rate. Consequently, the fraction of time that the
AGN spends as a high luminosity quasar is smaller in thermal injection runs. It is worth
noting that both, the ray tracing and thermal injection, provide an approximate description
of radiative feedback and that together they bracket a range of physically relevant scenarios.
3. The AGN feedback in our simulations transitions between radiatively efficient and
inefficient states on timescales corresponding to a few gigayears. When CCC evolution
is dominated by radiative feedback, it leads to higher values of SMBH accretion rate on
average, and results in more dramatic “boom and bust” feedback cycles, reflected in the
variability of the AGN luminosity across a range of timescales. Conversely, kinetic feed-
back as the dominant mode results in a relatively uniform evolution of the SMBH accretion
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rate and AGN luminosity.
4. The fraction of time during which the central AGN reaches and maintains quasar-like
radiative luminosity (& 1045 erg s−1) varies from fQSO = 4− 47% in our simulations. The
most important factor that determines this fraction is the prevailing feedback mode (jets vs.
radiation), whereas the total AGN luminosity plays a lesser role, as long as it is sufficient
to partially suppress the cooling flow. Specifically, we find that jetted feedback likely
accounts for > 10 % of the total AGN feedback power. Below this threshold BCGs in our
simulations host radio-loud quasars about 50% of the time, a fraction that is incompatible
with a low incidence of luminous quasars observed in low redshift BCGs.
5. We find a positive correlation between the AGN feedback power and the mass,
spatial extent, and jet-axis velocity dispersion of the cold gas filaments. Based on this we
confirm that AGN feedback promotes the formation of cold gas filaments in CCCs. If so,
this indicates that CCCs that are hosts to massive and spatially distributed Hα filament
networks are likely to have undergone a powerful feedback episode within the past few ×
10 Myr. Conversely, properties of the cold gas filaments may be used to place an additional
observational constraint on the energetics of the AGN feedback.
6. Our simulations indicate that intermittent feedback from the central AGN is capable
of producing the X-ray cavities and ripples (similar to those reported in the Perseus cluster)
that are scattered around the cluster core, even in absence of jet precession. Furthermore,
we find that AGN feedback can induce gas sloshing in the central∼ 100 kpc strong enough
to produce cold fronts similar to those observed in some CCCs.
Simulations presented here can be regarded as a continued exploration of the Perseus
cluster setup presented in Li et al. [14] and Meece et al. [64], albeit with a different
implementation of feedback. With the exception of the mass of the cold gas disk, our
simulations reproduce many features observed in CCCs, which are completely absent from
the fiducial, pure cooling flow model. We conclude that there is a continuum of possible
outcomes for simulations of CCCs in terms of the resulting cold gas mass, and that our
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simulations are at the lower end in terms of the efficiency of coupling of the AGN feedback
to the ICM. In the future we plan to examine how changing this efficiency affects the
observable properties of simulated CCCs.
Besides the cold gas filaments that we focused on in Chapter 5, AGN feedback leaves
many other observational signatures that can be used to constrain its past activity, such as
the X-ray cavities and ripples. A side-by-side comparison of these features can help us gain
insight into how feedback energy is dissipated in the ICM and how it heats the plasma. This
approach may also give us a more comprehensive tool in understanding the co-evolution
between the central SMBHs and the massive galaxies and clusters.
The fraction of time that AGN spends as a quasar is another important observational
constraint that can be compared directly with simulations. While there is a general trend
of lower quasar incidence in our simulations after the first AGN outburst, the cosmic evo-
lution of quasars in BCGs cannot be entirely captured in simulations of an isolated galaxy
cluster. Real galaxy clusters are evolving inside dynamic dark matter halos, connected
to the larger cosmic web, and growing through accretion and mergers with other halos.
Therefore, putting the cluster evolution in the context of the cosmological environment is
a crucial aspect to explore in the future, in order to understand the cosmic impact of AGN





RADIAL ACCELERATION BY COMPONENTS
As noted in Section 2.2, the background gravitational potential of the cluster is assumed
to be static (i.e., it does not evolve over time) and it includes three components: the dark
matter halo, the stellar bulge of the BCG, and the central SMBH. We show contributions
to the potential of different components in Figure A.1 and note that it is similar (albeit
not identical) to that used by Li & Bryan [37]. Specifically, the SMBH dominates at r .
0.1 kpc, the BCG dominates in the range 0.1 . r . 10 kpc, and the influence of dark matter










Here, ρNFW0 = 8.475 × 1014MMpc−3, r is the radius from the center of the cluster, and
rs = 0.494 Mpc is the scaling radius. Note that this ρNFW0 is a factor δ = 1.13 higher
than in Li & Bryan [37]. We apply this scaling factor to all components of acceleration,
resulting in a slightly deeper potential well. In this setup the ICM (defined by the density
and temperature profiles given in Section 2.2) is close to being in hydrostatic equilibrium
at the beginning of the simulations. We have verified this by carrying out simulations in
which radiative cooling of the ICM, SMBH accretion and AGN feedback were disabled,
thus allowing the cluster to settle into a permanent hydrostatic equilibrium.
The spherically-averaged radial acceleration due to the BCG at the center of the Perseus






































Figure A.1 Radial acceleration of the ICM due to the gravitational influence of the SMBH
(blue solid), BCG (orange dashed), and dark matter halo (DM; green dotted), as adopted in
our simulations. The black solid line marks the total of all three components of accelera-
tion.
where rkpc is in units of kpc, s = 0.9, and M∗(r) is the enclosed stellar mass at radius
r. We also account for the contribution to the gravitational potential from the SMBH with
mass 3.8× 108M. This is a factor of δ higher than the mass of the SMBH in the center of
the Perseus cluster, as reported by Wilman et al. [44]. It is worth noting that there may still
be a considerable uncertainty about the mass of the SMBH in the central galaxy of Perseus,
NGC 1275 [122]. We do not expect this to affect our results since the SMBH potential




In this section we summarize the results of a resolution study, carried out in order to under-
stand the impact of numerical resolution on the evolution of the simulated AGN and galaxy
cluster. As shown in Table 3.1, our simulations are carried out with resolutions of 0.24 kpc
or 0.49 kpc (corresponding to the size of the smallest resolution element), which are com-
parable to other recent works in the literature [11, 14, 15]. In this context, we compare
two sets of runs at different resolutions: those in which radiative feedback is calculated
with explicit radiative transfer (RT) and those in which it is implemented as thermal energy
injection (TI). The intention is to test how these two different implementations of radia-
tive feedback depend on numerical resolution, in addition to all other processes which are
present in both sets of runs.
Figure 3.5 shows the higher resolution runs RT02 and TI07, and Figure B.1 shows
the lower resolution counterparts RT01 and TI01. The lower resolution runs qualitatively
reproduce the accretion, feedback, and cold gas evolution of the higher resolution runs.
There are however several differences worth pointing out: in RT01 the SMBH accretion
rate and AGN feedback power are higher than in RT02. Both are a consequence of less
efficient radiative heating of the ICM in lower resolution runs, an effect which arises for
the following reasons. In the radiative transfer module of the code Enzo, the absorbers in
a given computational cell (for e.g., hydrogen atoms) can only be ionized by photons once
in each photon time step, dtP. As mentioned in Section 2.1 dtP is set by limiting the change
of H I density in each cell to < 10%, or by the light crossing time of the smallest cell,
whichever is greater. Because the former can in principle be many orders of magnitude
smaller than the latter in the central 1 kpc of our computational domain, it can lead to a
dramatic slowdown of the simulation. To mediate this effect, we implement a floor to the
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Figure B.1 Evolution of the accretion rate, AGN luminosity, and cold gas mass in sim-
ulations RT01 (left), TI01/AM01 (right). Different lines have the same meaning as in
Figure 3.5.
photon time step set by the light crossing time of the smallest computational cell, dxmin/c.
Because in this case a coarser numerical resolution results in larger dtP, the amount of
photon energy deposited in some volume for the same length of time is reduced relative to
the higher resolution simulations. This resolution dependence can be removed if dtP is set
everywhere by the requirement that the change in the amount of H I from one time step to
another is < 10%, as shown in Figure 40 of Wise & Abel [35].
In TI runs all radiative energy is deposited in the central accretion region, which is
larger than the resolution limit of our simulations, and therefore independent of it. Conse-
quently, the time averaged properties in TI01 show no significant difference from the higher
resolution runs TI07 and RT02. The lower resolution run TI01, however, has a larger vari-
ance of the instantaneous amplitude of the accretion rate and feedback power. Note that the
choice of the specific accretion model (“Max” or “C+H”) does not make a difference in the
context of numerical resolution. This is because the cold-mode accretion dominates in all
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TEST OF DIFFERENT ACCRETION MODELS
Because our simulations do not resolve the nuclear accretion region of the SMBH, we use
properties of the gas around the SMBH to estimate its accretion rate. In this section, we
describe the impact of different accretion prescriptions, introduced in Section 2.3, on results
of our simulations. For this purpose we select runs AM01, AM02, and AM03, which have
different accretion prescriptions and are identical in all other regards (see Table 3.1 for a
description of their parameters). In AM01, the accretion rate is calculated as the larger of
the cold-mode accretion rate and the accretion rate for the warm, multiphase gas, as shown
in equation 2.3. In AM02, only the cold-mode accretion rate is used in the simulation. In
AM03, the sum of the cold-mode (T < 3×104 K) and hot-mode (T ≥ 3×104 K) accretion
Figure C.1 Evolution of the accretion rate, AGN luminosity, and cold gas mass in simu-




The resulting evolution of the accretion rate, AGN luminosity, and cold gas mass for
these three runs is shown in the right panel of Figure B.1 (for AM01) and in Figure C.1
(AM02 and AM03). In all three simulations, the AGN cycles through 2-3 outbursts over
the course of 10 Gyr. The overall evolution is very similar, because accretion of cold gas
determines the accretion rate in all runs. In simulations where the accretion of the warm
and hot gas are involved (AM01 and AM03, respectively), the variability in the amplitude
of jet power has a lower limit of∼ 1043 erg s−1, set by the Bondi accretion rate. This lower
limit is not present in AM02, where only cold-mode accretion rate is considered. In this
case, when there is no cold gas around the SMBH, the feedback switches off completely.
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APPENDIX D
PHYSICAL PROPERTIES OF THE ICM IN ADDITIONAL RUNS
In this section we describe the properties of the ICM measured from additional simulations,
which can be compared to the RT02 run discussed in Section 3.2 and shown in Figure 3.3.
Figure D.1 shows the radial profiles of mass density, electron number density, and entropy
in simulations TI02 (fJ = 0.1), TI03 (fJ = 0.9), TI04 (ε = 10−2), and TI08 (ε = 10−4),

































































Figure D.1 Radial profiles of density, electron number density, and entropy in different
simulations. From left to right, the columns show evolution of radial properties of the
cluster in TI02 (fJ = 0.1), TI03 (fJ = 0.9), TI04 (ε = 10−2), and TI08 (ε = 10−4). Colors
represent different times associated with the local maxima (solid) and minima (dashed) of
the AGN feedback power.
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by cold gas and beyond 10 kpc the ICM properties oscillate around the initial values. One
noticeable difference with the run RT02 is that due to the different implementation of radia-
tive feedback in these runs (modeled as thermal injection), all exhibit higher temperature
and electron number density in the inner few kpc region than RT02. The differences di-
minish beyond a few kpc as the outflows mix with the ICM. Therefore, the implementation
of radiative feedback used in this work (ray tracing vs. thermal injection) does not have a
very strong impact on the evolution of the ICM beyond the central few kpc.
For simulations with lower fJ, illustrated by TI02, most of the feedback power is al-
located to radiative feedback, which strongly heats and ionizes the inner few kpc but is
not very effective at lowering the density of cold gas beyond this radius. Specifically, the
density of the cold gas reaches maximum in this simulation and peaks at smaller radii rel-
ative to TI03 and other runs, indicating a more compact cold gas disk. The entropy of the
central 10 kpc also exhibits larger variations over time in TI02, due to the “boom and bust”
feedback cycle dominated by radiative feedback.
In simulations with different values of ε, represented by TI04 and TI08, the variation
in ICM properties relative to the initial value illustrates the spatial ”reach” of the AGN
feedback. On one hand, in the high-efficiency TI04 run, the properties of the ICM are
affected by the AGN feedback out to 100 kpc. On the other hand, in TI08, the ICM is only
weakly affected by the AGN feedback beyond 10 kpc. As noted in Section 3.3 and shown
in Figure 3.4, despite very different efficiencies, the cumulative energy of AGN feedback
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[59] Revaz, Y., Combes, F. & Salomé, P. Formation of cold filaments in cooling flow
clusters. Astronomy & Astrophysics 477, L33–L36 (2008).
[60] Li, Y. & Bryan, G. L. Modeling Active Galactic Nucleus Feedback in Cool-core
Clusters: The Formation of Cold Clumps. The Astrophysical Journal 789, 153
(2014).
[61] Lakhchaura, K. et al. Thermodynamic properties, multiphase gas and AGN feed-
back in a large sample of giant ellipticals. Monthly Notices of the Royal Astronom-
ical Society (2018).
[62] McCourt, M., Sharma, P., Quataert, E. & Parrish, I. J. Thermal instability in grav-
itationally stratified plasmas: implications for multiphase structure in clusters and
79
galaxy haloes. Monthly Notices of the Royal Astronomical Society 419, 3319–3337
(2012).
[63] Sharma, P., McCourt, M., Quataert, E. & Parrish, I. J. Thermal instability and the
feedback regulation of hot haloes in clusters, groups and galaxies. Monthly Notices
of the Royal Astronomical Society 420, 3174–3194 (2012).
[64] Meece, G. R., Voit, G. M. & O’Shea, B. W. Triggering and Delivery Algorithms
for AGN Feedback. The Astrophysical Journal 841, 133 (2017).
[65] Voit, G. M. et al. A Global Model for Circumgalactic and Cluster-core Precipita-
tion. The Astrophysical Journal 845, 80 (2017).
[66] Hatch, N. A., Crawford, C. S., Fabian, A. C. & Johnstone, R. M. Detections of
molecular hydrogen in the outer filaments of NGC1275. Monthly Notices of the
Royal Astronomical Society 358, 765–773 (2005).
[67] Lim, J., Ao, Y. & Dinh-V-Trung. Radially Inflowing Molecular Gas in NGC 1275
Deposited by an X-Ray Cooling Flow in the Perseus Cluster. The Astrophysical
Journal 672, 252–265 (2008).
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